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here has been increasing interest in

the development of clean synthetic

procedures (“green chemistry”)' for
nanoproducts targeted at biomedical appli-
cations. An environmentally acceptable sol-
vent system and eco-friendly reducing and
capping agents are three essential elements
for a completely “green” nanoparticle syn-
thesis. The biological approach to materials
synthesis is ideal in this respect. In the past
few years, numerous microorganisms have
been applied to synthesize inorganic nano-
structures either intracellularly or extracellu-
larly. There are known bacteria for the pro-
duction of metals (Ag**® and Au*®), sulfides
(CdS® and ZnS”), and magnetite (Fe;0,%);
yeasts for sulfides (PbS® and CdS'®) and
metal (Ag'"); and fungi for metals (Ag'*'3
and Au'?). While the formation of sulfides
and magnetite by microorganisms has been
understood to some extent, the synthesis
of noble metal nanoparticles by microor-
ganisms is a relatively recent discovery
which is not well understood.

The surface plasmon properties of Ag
nanomaterials are the foundation of a num-
ber of optics-based analytical
techniques.’*'® The biomedical applica-
tions of Ag nanoparticles have also at-
tracted increasing interest,?° such as em-
ploying the antimicrobial properties of Ag
nanoparticles for wound healing.?' While a
number of biological species have been
found to be capable of synthesizing Ag na-
nomaterials, the controllability of size and
shape and the understanding of the prin-
ciples involved are far from satisfactory. In
the landmark work of Klaus et al.,> a metal-
accumulating bacterium (Pseudomonas
stutzeri AG259) was used as a “living fac-
tory” to generate, intracellularly, Ag-
containing nanocrystals of different compo-
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ABSTRACT This paper describes the synthesis of single-crystalline Ag nanoplates using the extract of
unicellular green alga Chlorella vulgaris at room temperature. Proteins in the extract were involved in the

biological synthesis, providing the dual function of Ag ion reduction and shape-controlled synthesis of nanosilver.

Hydroxyl groups in Tyr residues and carboxyl groups in Asp and/or Glu residues were further identified as the

most active functional groups for Ag ion reduction and for directing the anisotropic growth of Ag nanoplates,

respectively. The kinetics of Ag ion reduction in biological systems was discussed and probed by using custom-

designed peptides. The results showed the Tyr content (the reduction source) and the content of Ag complexers

(the reaction inhibitors, e.g., His and Cys) in the protein molecules as important factors affecting the reduction

kinetics. The comprehensive system identification effort has led to the design of a simple bifunctional tripeptide

(DDY-OMe) with one Tyr residue as the reduction source and two carboxyl groups in the Asp residues as shape-

directors, which could produce small Ag nanoplates with low polydispersivity in good yield (>55%). The roles of

the carboxyl groups in the formation of Ag nanoplates were also discussed.
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sitions (metallic Ag, monoclinic Ag sulfide
(Ag,S), and an undetermined structure) and
morphologies (spherical, truncated triangu-
lar, triangular, and irregular shapes) with
sizes ranging from a few nanometers to 200
nm. The defensive mechanism of the cell
for Ag detoxification has been suggested
as the biological pathway that reduced the
Ag ions and precipitated the Ag com-
pounds in the periplasmic space. Recently,
several microorganisms normally not accli-
matized to high concentrations of Ag ions,
including bacteria® and fungi,’>"* were also
used to grow Ag nanoparticles intracellu-
larly or extracellularly. In addition, several
plant leaf extracts could also do the
same.?>?3 As is common to current investi-
gations on biological synthesis, most works
have stopped at the phenomenological
level without identifying the biomolecules
involved in the synthesis of nanosilver. In
the case of Fusarium oxysporum, Ahmad et
al.’® postulated, but without experimental
evidence, an enzymatic process involving
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functional amino acid residues in the biologi-
cal synthesis to be better elucidated. It was
found that the Tyr residues were the source
of bioreduction and the carboxyl groups in
Asp and/or Glu were primarily responsible for
the anisotropic growth of the Ag nanocrys-
tals. The major factors that affected the kinet-
ics of Ag ion reduction were discussed and
verified by using tripeptides containing dif-
ferent active residues. Finally, a custom-
designed simple tripeptide was used as a
proof of concept for the biomimetic synthe-
sis of Ag nanoplates and to further test the
particle formation mechanism. The informa-
tion provided in this study can potentially
bridge the divide between biological synthe-
sis and biomimetic synthesis of Ag nanoma-
terials and motivate further work on the bio-
mimetic synthesis of other noble metals.
Presented below are the details of this
investigation.

>

Absorbance (a.u.)

300 400 500 600
Wavelength (nm)

[ {220}
O {422}
A 1/3{422}

Figure 1. (A) UV-vis spectrum of Ag nanocrystals synthesized by reduction of aqueous
Ag ion solution with the algal extract. The inset shows a digital image of the as-prepared
Ag colloidal solution. (B) Representative TEM image of the as-prepared Ag nanocrys-
tals. The arrows point to locations where several flat particles had overlapped. The in-
set shows typical FESEM images of circular and triangular Ag nanocrystals with a pla-
nar structure. (C) HRTEM image from the vertex of an isolated Ag nanoplate. (D) SAED
pattern of a Ag nanoplate. The spots shown in a box, a circle, and a triangle correspond
to {220}, {422} and 1/3{422} reflections, respectively.

RESULTS AND DISCUSSION

Synthesis of Ag Nanoplates in Algal Extract. The
algal extract was a light-yellow liquid. After
it was contacted with 1 mM silver nitrate (Ag-
NO,) solution for 12 h at room temperature,

certain NADH-dependent reductase for Ag nanoparti-
cle synthesis. In a previous publication,®* we reported
the synthesis of Au nanoplates using the extract of uni-
cellular green alga Chlorella vulgaris as reducing cum
shape-directing agents. The results indicated the in-
volvement of protein molecules. However, the bio-
chemistry of the proteins in relation to the mecha-
nisms of metal ion reduction and metal nanoplate
formation was not understood because of the lack of
experimental evidence.

This follow-up work made use of the extract of C. vul-
garis to synthesize Ag nanomaterials, where Ag nano-
plates were again formed as the principal product. Ag
nanoplates have in the past been produced almost ex-
clusively by photochemistry®>=2® and solution chemis-
try techniques.?®~3? The only known biological synthe-
sis of Ag nanoplates made use of the bacterium
Pseudomonas stutzeri.> The nanoplates were formed in-
tracellularly with low yield and high polydispersity. Pro-
cessing considerations generally do not favor the intra-
cellular production of Ag nanoparticles because the
product recovery steps would be cumbersome and ex-
pensive. The methodology presented here could be an
inviting alternative by comparison. A simple, one-pot
biological synthesis of large quantities of Ag nanoplates
was accomplished by the room-temperature reduction
of Ag ions in an aqueous algal extract. The kinetics of sil-
ver ion reduction and silver nanoplate formation were
more amenable to analysis, allowing the roles of various
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the color changed to pinkish red (see the
digital image in the inset of Figure 1A). The color
change was caused by the surface plasmon resonance
(SPR) of Ag nanocrystals in the visible region. Ag nanoc-
rystals are known to exhibit size- and shape-dependent
SPR bands*3*73> which can be characterized by UV-vis
spectroscopy. We detected three plasmon bands lo-
cated at ca. 465, 392, and 347 nm for the as-synthesized
Ag nanocrystals (Figure 1A).

The as-synthesized Ag nanocrystals were analyzed
by transmission electron microscopy (TEM) and elec-
tron diffraction. A typical TEM image (Figure 1B) reveals
the presence of circular, rod-like, and triangular Ag
nanocrystals. The triangular particles and some of the
circular particles had uniform contrast, suggesting that
they could be single-crystalline nanoplates. The plate-
like morphology was confirmed by field emission scan-
ning electron microscopy (FESEM) imaging of these par-
ticles (inset of Figure 1B), which showed that the rod-
like particles were actually Ag nanoplates standing
perpendicularly on the TEM grid. Also, at places where
several planar particles overlapped (see arrows in Figure
1B), a darker region was produced. The distribution of
circumscribed diameters from counting 100 Ag nano-
plates yielded a mean of 44 nm and a standard devia-
tion of 6 nm. The average thickness of the Ag nano-
plates, estimated by measuring the width of the rod-
like particles, was 20 = 4 nm. Figure 1C shows a
magnified high-resolution (HR) TEM image of the ver-
tex of an isolated Ag nanoplate. The well-resolved inter-
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ference fringe patterns attest to the single-crystallinity
of the plate. The fringes were separated by 0.25 nm,
usually assigned to forbidden 1/3{422} reflections, and
justified as 3X{422} lattice spacing of the face-centered
cubic (fcc) Ag crystal.>¢=8 The single-crystallinity of
these nanoplates was also confirmed by electron dif-
fraction patterns (Figure 1D) obtained by aligning the
electron beam normal to the planar surface. The six-fold
symmetry of the diffraction spots indicates that the sur-
face was bound by {111} faces. Three sets of spots could
be identified on the basis of their d-spacings: the inner-
most set of spots with d-spacing of 0.25 nm was gener-
ated by the 1/3{422} reflection; the intermediate set of
spots with the strongest intensity and d-spacing of 0.14
nm could be indexed to the {220} planes; and the out-
ermost set with the weakest intensity and d-spacing of
0.08 nm was due to reflection from the {422} planes.
These observations are consistent with previous find-
ings on Ag or Au nanocrystals bounded by atomically
flat surfaces.>>~32

The presence of Ag nanoplates explains the observa-
tion of multiple SPR bands (465, 392, and 347 nm). Ac-
cording to the theoretical calculations by Jin et al.,*® the
multiplicity was caused by the in-plane dipole, out-of-
plane dipole, and quadruple plasmon resonances of Ag
nanoplates, respectively. The UV-vis spectrum (Figure 1A)
of the algal-synthesized Ag nanoplates is also congruent
with the optical extinction of Ag nanodisks previously re-
ported by Chen et al.*® where absorptions at 475, ~420,
and 351 nm were found for Ag nanodisks with diameter
of ~60 nm and thickness of ca. 20-30 nm.

Identification of Components in the Algal Extract Active for Ag
Nanoplate Formation. The reduction of Ag ions and the re-
sulting growth of Ag(0) into Ag nanoplates must have
been driven by some active species in the algal extract.
In our previous work®* we have identified proteins as
the biomolecules involved in the morphosynthesis of
gold nanoplates from chloroaurate ions. In this study,
the algal proteins (aP) separated from the algal extract
were again found to be primarily responsible for the re-
duction of Ag(l) and the formation of Ag nanoplates.
Chemical modifications of aP were carried out to iden-
tify the amino acid residues in the proteins with Ag ion
reduction capability and shape-directing functionality.
A summary of the product morphology, product di-
mensions, SPR characteristics, and percentage conver-
sions of Ag ions in different protein solutions is given in
Table 1, from which the following conclusions may be
made: (i) algal proteins were the active biomolecules
in the algal extract for Ag nanoplate formation; (ii) Tyr
residues in the proteins were responsible for Ag ion re-
duction; and (iii) the carboxyl groups in Asp and/or Glu
residues were driving the anisotropic growth of Ag
nanocrystals into nanoplates.

Proteins in the Algal Extract. The presence of proteins in
the algal extract was confirmed by UV-vis spectros-
copy and SDS—PAGE (Figure S1). The latter analysis also
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TABLE 1. Summary of Product Morphology, Product Dimensions, SPR

Bands, and Percentage Conversions of Ag lons in Different Reaction Media

reaction medium RM)“ product'morpljology SPR bands (nm)
and dimensions
algal extract nanodisks (~60%), 465,392, 347
av size ~44 nm
fractionated low MW fraction  no product n/a
algal extract (<7 kDa)
high MW fraction  truncated triangular 500, 392, 347
(=7 kDa, aP) plates (~80%),
av size ~48 nm
modified heat-denatured truncated triangular 462,393, 347
algal proteins plates (~60%),
(aP) av size ~27 nm
urea-denatured truncated triangular 453,390, 347
plates (~60%),
av size ~26 nm
NAI-modified no product n/a
deacetylated truncated triangular 495,388, 347
NAI-modified plates (~60%),
av size ~46 nm
amine-modified irregular particles, 425
av size ~29 nm

“The reaction mixture was prepared by adding 1 mL of 10 mM AgNO, to 9 mL of RM, and adjusting the pH
t0 7.0. °The dimensions of nanodisks and truncated triangular plates were measured by the circumscribed di-

conversions,

100

98

99

98

90

99

ameter and the longest edge of the truncated triangular plates, respectively. For all shapes, the dimen-

sions were values averaged from over ~100 particles. ‘The percentage conversions of AgNO; to Ag were de-

termined by atomic emission spectroscopy (AES) using an inductively coupled plasma (ICP) source.

showed molecular weights in the range of 10-50 kDa.
The proteins in the algal extract were first separated by
dialysis according to size. The raw algal extract was di-
vided into a low-molecular-weight fraction
(MW < 7 kDa) and a high-molecular-weight fraction
(MW = 7 kDa, referred to as the algal proteins or aP) us-
ing a membrane tubing with molecular weight cutoff
of 7 kDa. Each fraction was then individually tested for
reaction with Ag ions in aqueous solutions. The UV-vis
spectrum recorded for a T mM AgNO; aqueous solution
after 12 h of reaction with the low MW fraction showed
no absorption in the 300-800 nm region (curve 1, Fig-
ure 2A), whereas the high MW fraction (aP) produced a
notable increase in absorption in the same period of
time (curve 2, Figure 2A), due to the SPR of the Ag
nanocrystals formed. Three absorption bands centered
at ca. 500, 392, and 347 nm were clearly visible, indicat-
ing the formation of two-dimensional planar structures.
The Ag nanocrystals formed in the aP solution were
analyzed by TEM (Figure 2B). About 80% of them were
truncated triangular plates (the rod-like particles and the
truncated triangles were counted together), and the re-
maining ~20% were irregularly shaped. The average
edge length and the thickness of the truncated triangu-
lar nanoplates were ~48 nm and ~21 nm (estimated
from the widths of the rod-like particles), respectively. It
should be mentioned that the shape of the nanoplates
formed in the aP solution (truncated triangular) was dif-
ferent from the shape of the nanoplates formed in the al-
gal extract (circular). The circular nanoplates (nanodisks)
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Figure 2. (A) UV-vis spectra of Ag nanocrystals obtained under different reaction con-
ditions. Curves 1-7 were obtained by adding 1 mL of 10 mM AgNO; to 9 mL of (curve 1)
low MW fraction of the algal extract; (curve 2) high MW fraction of the algal extract
(aP); (curve 3) heat-denatured aP; (curve 4) urea-denatured aP; (curve 5) NAl-modified
aP; (curve 6) deacetylated NAI-modified aP; and (curve 7) amine-modified aP, respec-
tively. The pH of all solutions was adjusted to 7.0. (B—F) Representative TEM images of
Ag nanocrystals prepared under conditions described in curves 2, 3, 4, 6, and 7, respec-
tively. The inset in (B) shows a typical FESEM image of the truncated triangular plate, in-
dicating the planarity of structure. All samples were collected at t = 12 h into the
reaction.

The spectrum of the truncated triangular
nanoplates (curve 2, Figure 2A) shows three
absorption peaks at ca. 500, 392, and 347 nm,
which correlate well with the in-plane di-
pole, the out-of-plane dipole, and the qua-
druple plasmon resonance of Ag nanoplates,
respectively.?” The red-shifting of the in-
plane resonance (other SPR peaks were not
as size-sensitive) from 465 nm (Figure 1A) to
500 nm was possibly caused by the larger as-
pect ratio of the truncated triangular nano-
plates (edge length of ~48 nm) synthesized
in the aP solution compared to the nanodisks
(diameter of ~44 nm) formed in the raw al-
gal extract.

Controlled experiments were then car-
ried out to evaluate the effect of protein con-
formation on protein reactivity with the Ag
ions. To achieve this, the heat-denatured and
urea-denatured aP solutions were spiked
with 1 mM AgNO; and allowed to stand for
12 h. The UV-vis spectra of the solutions af-
ter 12 h of reaction are shown as curves 3 and
4 in Figure 2A. The spectra are largely simi-
lar, displaying the characteristics of Ag SPR at
ca. 462, 393, and 347 nm for the heat-
denatured aP solution and at ca. 453, 390,
and 347 nm for the urea-denatured aP solu-
tion. Figure 2C,D shows the corresponding
TEM images of Ag nanocrystals formed in
these solutions. The Ag nanocrystals had
similar size and morphology, with truncated
triangular nanoplates of edge length of ~27
nm as the main product (yield of ~60%). The
blue-shifting of the in-plane SPR of Ag nano-
plates (from 500 nm for pristine aP (curve 2,
Figure 2A) to 462 or 453 nm for denatured
aP) is consistent with the smaller aspect ra-
tio of the nanoplates formed in these dena-

could be formed by the dissolution of the (more active) tured protein solutions (27 vs 48 nm). Smaller nano-
corner atoms of truncated triangular nanoplates. The se-  plates were formed because the unfolding of protein
lective dissolution process has been used by Chen et al>°  molecules upon denaturation significantly increased

to form Ag nanodisks from initial truncated triangular the accessibility of amino acid residues active in Ag ion
plates in the presence of Br~ ions, which were postu- reduction and in the growth-influencing selective ad-
lated as the etchant. More recently, ClI™ ion-assisted oxi- sorption of protein chains on specific Ag faces. The fol-
dative etching of Ag and Pd nanoparticles was also re- lowing hypotheses may be proposed on the basis of

ported by Xia et al.>**° The presence of small molecular ~ these observations. First, the reduction ability of pro-
and/or ionic species in the algal extract, such as CI~ ions,  tein(s) came directly from the amino residues rather
could have transformed the initially formed truncated tri-  than an enzyme-mediated process as was previously
angular plates into nanodisks through a similar mecha- proposed for a fungal system.'® Protein side groups, in-
nism. However, small molecules were excluded from the  cluding amine, carboxyl, sulfhydryl, and hydroxyl moi-
aP solution, which had been dialyzed to retain only suffi-  eties, were most likely the sites of action. Second, the
ciently large molecules, thereby allowing nanoplates with  soft-template mechanism generally proposed for
truncated triangular shapes to be formed as the stable fi-  surfactant-induced anisotropic growth of nanocrys-

nal product. The effect of small molecules/ions on the tals* could be ruled out here since the formation of
shape transformation of Ag nanoplates is currently a the planar structure was achievable in pristine and de-
working hypothesis. natured proteins which have very different conforma-
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Figure 3. (A) FTIR and (B) fluorescence spectra of the algal
proteins: (curve a) pristine algal proteins and (curve b) pro-
tein/Ag nanocrystal bioconjugates after 12 h of reaction.

tions. Thus, we believe that the formation of planar Ag
nanostructures was initiated by the specific interaction
of protein molecules with Ag ions and Ag surface, with
the latter resulting in the anisotropic growth of Ag
nanocrystals. The natural next order of experimenta-
tion was to determine the active amino residues in pro-
tein molecules for Ag ion reduction and for directing
of anisotropic growth of Ag nanocrystals.

Tyrosine Residues and Ag lon Reduction. The nature of the
amino acid residues in the algal proteins for Ag ion re-
duction was first revealed by FTIR and fluorescence
analyses of the protein structure before and after reac-
tion with Ag ions, as shown in Figure 3. The 1657 and
1532 cm ™' peaks in the FTIR spectrum of freeze-dried
pristine aP in KBr pellet (curve a of Figure 3A) are char-
acteristic of the amide | and amide Il bands of proteins.
The peak at 1162 cm ™' due to the phenolic group of
Tyr residues was conspicuously absent in the FTIR spec-
trum of aP after reaction with Ag ions (curve b of Fig-
ure 3A). The disappearance of the 1162 cm ™' peak,
which may be taken as the depletion of the phenolic
residues, was accompanied by the concomitant appear-
ance of carbonyl stretching at 1734 cm ™', traceable to
the formation of a phenoxide structure from the oxida-
tion of the Tyr phenolic group. The involvement of Tyr
residues in the reduction of Ag ions was further con-
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firmed by fluorescence analysis of Tyr signatures be-
fore (curve a, Figure 3B) and after (curve b, Figure 3B)
Ag ion reduction. The intrinsic fluorescence of Tyr is
sensitive to oxidation,*? and the loss of fluorescence in-
dicates the oxidation of the phenolic group of Tyr. As
shown in Figure 3B, most, if not all, of the fluorescence
of Tyr residues in the algal proteins was lost after reac-
tion with Ag ions, indicating the nearly complete oxida-
tion of the phenolic groups of the Tyr residues.

The involvement of Tyr residues in the reduction of
Ag ions could be demonstrated more elegantly by us-
ing chemical modifications that switched on and off the
Tyr functionality. Chemical modifications of specific
amino acid residues have been commonly used to
study the structure—function relationship of specific
residues in a given protein. N-Acetylimidazole (NAI),
first introduced by Riordan et al.,**** is a mildly selec-
tive protein-acetylating reagent that preferentially
acetylates exposed Tyr residues in neutral pH solution
(reaction 4). However, it can also react with other amino
acid residues containing the hydroxyl group, such as
serine and threonine.

‘Nﬁ\% \ PHTS 2 N (m
M—o— + Nﬂj + H Hbﬁ@—ccﬂ + ,\lll/ﬂ

In order to ensure that all Tyr residues would be acety-
lated, the algal proteins were acetylated in the presence
of the denaturant (8 M urea), which unfolded the
proteins.**** The UV-vis spectrum of 1 mM aqueous so-
lution of AgNO; after 12 h of reaction with the NAI-
modified aP showed no absorption in the 300-800 nm
region (curve 5, Figure 2A). The lack of reactivity was
an indication of the loss of Tyr participation in the Ag
ion reduction reaction and contrasted strongly with the
case of Ag nanocrystal formation in denatured aP solu-
tion before NAI acetylation (curve 4, Figure 2A). The in-
volvement of the tyrosyl hydroxyl groups in Ag ion re-
duction was also confirmed by a comparative study
using L-tyrosine and O-methyl-L-tyrosine, where the me-
thylation of the hydroxyl group led to the complete
loss of reduction capability for Ag ions (see Figure S2
in the Supporting Information for the UV-vis spectra of
the two reaction mixtures after 8 h of reaction). The
specificity of the Tyr involvement in Ag ion reduction re-
action was proved by the deacetylation of NAI-modified
aP. It is well-known that hydroxylamine deacetylates
acetyl-tyrosine to regenerate the hydroxyl functional
group at pH 7.5, but not acetyl-serine or acetyl-
threonine.** Accordingly, the hydroxylamine treatment
is a specific procedure effective only for the reactivation
of NAI-modified Tyr residues. The UV-vis spectrum re-
corded for a 1 mM AgNO; aqueous solution after 12 h
of reaction with the deacetylated NAI-modified aP was
similar (curve 6, Figure 2A) to the absorption spectrum
of Ag nanocrystals synthesized in the pristine aP solu-
tion (curve 2, Figure 1A), thereby providing unequivo-
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cal proof that the Tyr residues were involved in the re-
duction of Ag ions. The Ag nanocrystals prepared with
deacetylated NAI-modified aP were analyzed by TEM.
As shown in Figure 2E, truncated triangular nanoplates
with average edge length of ~46 nm were produced in
~60% yield.

Carboxyl Groups in Asp and/or Glu Residues and the Anisotropic
Growth of Ag Nanoplates. Strong signature carboxyl absorp-
tion (1405 cm ™ ')*® was detected in the FTIR spectrum
of the algal proteins (spectrum a, Figure 3A). The car-
boxyl groups in the amino acid residues were found to
promote the anisotropic growth of nanoparticles into
nanoplates. This could be easily demonstrated through
the amination modification of the residues, which con-
verted all of the carboxyl groups in Asp and/or Glu into
amine groups.*” The UV-vis spectrum of a 1 mM Ag-
NO; solution after 12 h of reaction with amine-modified
aP showed only one absorption peak at ~425 nm
(curve 7, Figure 2A), which is typical of spherical Ag
nanoparticles. The preponderance of spherical Ag
nanoparticles in the product was confirmed by TEM
(Figure 2F), which also showed some irregularly shaped
structures with no regular anisotropy, besides the
spherical particles. It is therefore reasonable to deduce
that the carboxyl groups in Asp and/or Glu residues
possess shape-directing functionality; without them,
isotropic growth of nanocrystals would prevail, leading
to mostly spherical Ag nanoparticles.

The involvement of Tyr residues in the reduction of
Ag ions could also find supporting evidence from previ-
ous studies.*®*° Naik et al.*® identified three Ag-binding
peptides (dodecapeptides AG3, AG4, and AG5) by com-
binatorial approaches using a phage display peptide li-
brary. The AG3 and AG4 peptides were active for the re-
duction of Ag ions to Ag nanoparticles. A mixture of
shapes (spheres and hexagonal and triangular plates)
was obtained. Interestingly, the AG3 (AYSSGAPPMPPF)
and AG4 (NPSSLFRYLPSD)) peptides also contain the Tyr
residue implicated here to be responsible for Ag ion re-
duction. In contrast, the Ag-binding peptide without
the Tyr residue (AG5 (SLATQPPRTPPV)) could not re-
duce Ag ions. The presence of an Asp residue in AG4,
which formed nonspherical (hexagonally and triangu-
larly shaped) Ag nanocrystals, also correlated with the
shape-directing functionality of the carboxyl groups in
Asp and/or Glu residues discovered here.

Roles of Amino Acid Residues in the Biological Synthesis of Ag
Nanomaterials. Kinetic Factors in Ag lon Reduction. Algal proteins
were therefore multifunctional agents capable of reduc-
ing Ag ions in aqueous solution to Ag(0) and directing
the embryonic Ag clusters to grow anisotropically into
nanoplates with {111} planes on their open faces. The
hydroxyl groups in the Tyr residues were active for Ag
ion reduction, and the carboxyl groups in Asp and/or
Glu residues were responsible for inducing the anisotro-
pic growth of Ag nanocrystals. Works in the past de-
cade have found a large number of biological species,
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Figure 4. (A) Time-resolved UV-vis spectra of reaction solu-
tion of AgNO; with GGY at room temperature. The spectra
were recorded every 30 min. The inset shows the corre-
sponding time course plot of absorption intensity at 434
nm, indicating a characteristic sigmoidal shape of three dis-
tinct reaction phases. (B) Time course plots of absorption in-
tensity at typical Ag SPR frequencies for GGY, GGG, and
GYY. The pH of all reaction mixtures was adjusted to 9.0.

including bacteria,®>* fungi,'*'? yeasts,"" and plant

leaves,?*?* active for the reduction of Ag ions to Ag
nanocrystals. The findings in this study provide a basis
for understanding the biological activities by identify-
ing Tyr residues as an important and common (if not
the only) reduction source in these systems. Differences
in the composition of protein side groups, especially
the Tyr content, may account for the different activi-
ties displayed by the different biological systems. Bio-
logical systems that are more reactive with Ag ions may
be richer in Tyr residues or have Tyr residues that are
less sterically hindered for reaction. This hypothesis was
verified by reacting Ag ions with three custom-
designed tripeptides containing different numbers of
Tyr residues (GGG, GGY, and GYY). GYY was found to be
more active than GGY, and GGG showed no apparent
reactivity in Ag ion reduction. Figure 4A shows the time-
resolved UV-vis spectra of the reaction between Ag-
NO; and GGY at pH 9.0, and the inset shows the corre-
sponding absorption at 434 nm (Ag SPR) as a function
of time. The time course showed a characteristic sigmoi-
dal shape consisting of three distinguishable reaction
regimes: (I) a short induction period lasting ~0.5 h, (1l)
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Figure 5. Reactions of Ag ions with a Tyr residue. Two Ag ions are re-

duced to elemental Ag, and two protons are generated.

a rapid growth phase between ~0.5 and 3.5 h, and (lll)
a plateau signaling the end of reaction. The plots of ab-
sorbance with time at typical Ag SPR frequencies for
GGY, GGG, and GYY are given in Figure 4B.

Our results implicating the involvement of the Tyr
hydroxyl group in Ag ion reduction also find support-
ing evidence in the biological systems. It has been re-
ported that tyrosine plays an important role in electron
transfer in the photosystem Il (PSIl) of photosynthe-
sis,”>® where a neutral tyrosyl radical is generated. The
pH dependence of the rate constant for electron trans-
fer from Tyr in the PSIl system has been investigated by
Sjodin et al.,>° where proton-coupled electron transfer
was proposed for pH < 10 (below the Tyr pK, =~ 10) and
single-electron transfer was proposed for pH > 10
(above the Tyr pK,). Since the reactions in this study
were carried out at pH < 10, the Tyr groups were ini-
tially protonated, and a similar proton-coupled
electron-transfer mechanism could also be at work for
the reduction of Ag ions, as schematized in Figure 5.
The first step of this mechanism involves a Ag ion act-
ing as Lewis acid to bind with the lone pair of electrons
on the Tyr oxygen. The Ag ion then picked up an elec-
tron from Tyr to become elemental Ag, which was re-
leased with the concomitant deprotonation of Tyr in a
single, concerted step (step 2). The Tyr cation was stabi-
lized by the delocalization of free electrons in the 1 sys-
tem of the ring. The oxygen on the tyrosyl radical was
open to attack by a second Ag ion. As the second Ag ion
was reduced together with the release of a second pro-
ton, a stable quinoid structure was formed (step 3).

It is also important to consider the possibility of Ag ion
complexation in reduction. Ag ions are known to com-
plex with the following side groups in the amino acid resi-
dues: Asp, Glu, His, Cys, Lys, and Met.>"*2 The driving
force for Ag nanocrystal synthesis in protein solutions
came from the following simple redox reaction, where a
Ag ion was reduced by accepting an electron from a Tyr
residue, which became oxidized in the process.

Agt+ e —Ag
p-Tyr-OH—p-Tyr=0+2H" + 2e~

The standard electrode potential of Ag*/Ag redox is
0.8 V.> However, this value can be significantly differ-
ent when the Ag ions are complexed. Generally, com-
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Hy CH, CH, L/crH:
+ag 0 ©_>(2) + Ag +H+—>(3Z @ +Ag+H
Ag
H 0! e} 6

plexation lowers the redox potential and
hence the reducibility of Ag ions. Examples in-
clude Ag halides used for photography (AgBr,
0.07 V), Ag diamine complexes (Ag(NH5),™",
0.37 V), and complexes formed in an alkaline
medium (Ag,CO;, 0.47 V; AgOH, 0.24 V). This
could also be understood as the need for the
complex to dissociate into free Ag ions before
reduction occurs.

When Ag ions were incubated with a pro-
tein solution, the Ag ions could be present in two forms:
(a) free in solution and (b) strongly bound to proteins
by way of salt formation with the —COO™ groups (Asp
and Glu) or by complex formation with the nucleophilic
groups in the residues, such as imidazole (His), —SH
(Cys), —SCH; (Met), and —NH, (Lys). The reducibility of
the Ag complex should decrease with increasing bind-
ing strength. Several custom-designed tripeptides (X-X-
Tyr-OMe) were used to illustrate this point. Three types
of residues were used for X: (a) X = Gly to represent
nonfunctional side groups; (b) X = Ser to represent hy-
droxyl side groups; and (c) X = His, Cys, Lys, and Asp
to represent four different types of complexing side
groups. From the plots of absorbance at prevailing Ag
SPR frequencies versus time shown in Figure 6, the fol-
lowing reactivity order was obtained: SSY ~ GGY >
KKY > DDY. No reaction occurred for CCY and HHY
within the same period of time (8 h). No distinctive dif-
ference was found between SSY and GGY, which indi-
cates negligible complexing ability of the hydroxyl
groups in Ser residues. In CCY and HHY, most of the
Ag ions are believed to be bound strongly at the imida-
zole (His) or thiol (Cys) sites, preventing spontaneous re-
action, resulting in no apparent reactivity in the same
period of time (8 h). In the KKY and DDY systems, the
binding of the Ag ions at the amine (Lys) or carboxylic
(Asp) sites was weaker than in the case of binding with
the imidazole (His) or thiol (Cys) sites, and Ag ions could
be reduced slowly by the peptides, albeit at a rate much
slower than in the case of GGY and SSY.

3
—0— GGY @ 434nm
o SSY @ 413nm
;-‘ v  KKY @ 426nm
] A DDY @ 452nm
% 24 © HHY @ 434nm 6o © 0 0 0 o
8 7| 4 cov@asanm o 5 2—a—otTETIE
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Figure 6. Time course plots of absorption intensity at typi-
cal Ag SPR frequencies for GGY, SSY, KKY, DDY, HHY, and
CCY. The pH of all reaction mixtures was adjusted to 9.0.
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Figure 7. Representative FESEM image (A) and UV-vis spec-
trum (B) of Ag nanocrystals synthesized in DDY peptide so-
lution. Arrows in (A) show truncated triangular Ag nano-
plates standing perpendicularly on the TEM grid, resulting
in a rod-like appearance.

Factors Affecting the Anisotropic Growth of Ag Nanocrystals. It is
not yet possible to provide a detailed mechanism for
the oriented growth of Ag nanocrystals in the aP solu-
tion since the biochemistry of aP, and the separation
and purification of the active components in aP, still
need extensive further work. Nevertheless, some guid-
ing principles on peptide design to achieve shape-
selective synthesis of Ag nanomaterials may be de-
duced from the experimental results presented here,
so as to provide the necessary first step in the biomi-
metic shape-controlled synthesis of Ag nanomaterials.
The finding that the carboxyl groups in Asp and/or Glu
residues were involved in the anisotropic growth of Ag
nanocrystals into nanoplates was used in the prelimi-
nary design of a bifunctional short peptide for the syn-
thesis of Ag nanoplates. The simple tripeptide, DDY-
OMe, was synthesized and tested with Ag ions. In this
tripeptide the Tyr residue served as the electron source
for Ag ion reduction and the two Asp residues played
the role of shape-directing agents. Figure 7A shows a
representative FESEM image of the as-synthesized Ag
nanocrystals, where small truncated triangular and ir-
regularly shaped Ag nanoparticles were found. As the
truncated triangular nanoplates could have been im-
aged in all possible projections and hence showing vari-
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1 ous faceted structures, it was difficult to quantify the
| Yield of the truncated triangular nanoplates accurately.

Nevertheless, an estimated 55% yield was obtained by
counting only the truncated triangles and rod-like par-

‘| ticles together in the TEM image. The longest edge of

the truncated triangular nanoplates averaged to 28.3 =

4 3.1 nm. The average thickness, estimated from the

width of the rod-like nanocrystals (highlighted by ar-
rows in Figure 7A), was about 11.2 nm. It should be em-
phasized that the synthesis of small (i.e., <30 nm) nan-
oplates is a current challenge, and most of the

| nanoplates synthesized to date and reported in the lit-

erature were larger than 50 nm.?>~32 This is perhaps the
first successful attempt at the biomimetic synthesis of
truncated triangular nanoplates smaller than 30 nm
with low polydispersivity and good yield, which should
improve the usability of the Ag nanoplates in bioimag-
ing and as near-field optical probes.>*> The as-
synthesized Ag nanoplates have SPR bands (ca. 452,
399, and 348 nm, Figure 7B) similar to the algal-
synthesized Ag nanoplates (curve 2, Figure 2A). The syn-
thesis of Ag nanoplates in DDY peptide solution cor-
roborated the role of carboxyl groups in directing the
formation of Ag nanoplates in the algal system.

While it is not clear at the molecular level how the
carboxyl groups enacted the shape-controlled synthe-
sis, there were several revealing experimental
observations:

(i) The formation of Ag nanoplates in the algal pro-
tein or DDY solution was a kinetically controlled pro-
cess. The molecular recognition properties of peptides
for specific crystallographic planes and the slow-growth
condition are two determining factors in the formation
of planar Ag nanostructures. Experimentally, the flat
open faces of the plate-like structures were all (111) ori-
ented, suggesting the selective adsorption of growth-
inhibiting species on the {111} planes. Truncated octa-
hedron and multiple twinned particles (origin of
spherical particles) are the thermodynamically favor-
able shapes for a fcc metal, and hence the reaction of
Ag ions with the algal protein or DDY solution at 100 °C
(very fast reaction) produced almost exclusively spheri-
cal particles (data not shown). Besides the face recogni-
tion ability of DDY molecules, the complexation of Ag
ions or Ag intermediate reaction products to the car-
boxyl groups of DDY was also an advantage: the result-
ing slow-down of the reduction kinetics favored the for-
mation of Ag nanoplates, as shown by the success of
the DDY solution in synthesizing Ag nanoplates. The ef-
fect of Ag complexation to the carboxyl groups on par-
ticle growth has been reported by Pillai et al.,>* using a
tricarboxylic acid (citric acid). It was stated that one of
the primary intermediates, Ag, ™, could readily interact
with the carboxyl groups of citrate to form a complex
[Ag, " —citrate], which underwent slower transforma-
tions compared to uncomplexed Ag, ". In addition,
there were also several reports implicating citrate as
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the shape-directing agent in the formation of plate-
like Ag or Au nanostructures.?®?”>> Hence, the shape-
directing capability of DDY, which contains two car-
boxyl groups per molecule, was not at all unexpected.

(ii) The ratio of carboxylic groups to Tyr per peptide
molecule is an important consideration in the synthe-
sis of Ag nanoplates with good yield. Comparative ex-
periments were carried out using peptides without a
carboxyl group (GGY-OMe, SSY-OMe, and KKY-OMe)
and peptides with one (GDY-OMe) and four carboxylic
groups per unit (poly(Glu, Tyr) (4:1, MW of 20-50 kDa)).
Irregularly shaped and spherical Ag nanocrystals were
the main products (with less than 5% of Ag nanoplates)
in syntheses with peptides without a carboxyl group
(GGY-OMe, SSY-OMe, and KKY-OMe). Ag nanoplates
were obtained in low yield (~15%) in peptide with one
carboxyl group (GDY-OMe), while Ag nanoplates were
formed in good yield (~60%) using polypeptides with
four carboxyl groups per unit (see Figure S3 for FESEM
images and UV-vis spectra and Table S1 for a summary
of product morphology, product dimensions, SPR char-
acteristics, and percentage conversions of Ag ions).

On the basis of these observations, it is reasonable to
conclude that the moderation of the Ag ion reduction
kinetics by multiple carboxyl groups in proteins/pep-
tides and the interactions of the carboxyl groups with
Ag ions, Ag reaction intermediates, and Ag surface (mo-
lecular recognition of crystallographic planes) all con-
tributed to the anisotropic growth of Ag nanocrystals
into nanoplates in good yield. A computational study
on the interaction of peptide (DDY-OMe) with Ag ions,

EXPERIMENTAL METHODS

All chemicals were purchased from Sigma-Aldrich and used
as received. Custom-designed tripeptides were supplied by Gen-
Script Corp. (Piscataway, NJ) and Sigma-Aldrich. Ultrapure Milli-
pore water (18.2 M) was used as the solvent throughout.

Preparation of Algal Extract. The unicellular green alga Chlorella
vulgaris (Cambridge collection strain no. 211/11b) was batch cul-
tured as described previously.>* The algal cells after 10 days of
culture were separated by centrifugation, washed with 1% HNO,
rinsed with ultrapure water to remove adsorbed impurities, and
lyophilized. Fifty milligrams of lyophilized algal cells was dis-
persed in 10 mL of ultrapure water. The supernatant (the algal
extract) was separated from the biomass two days later by filtra-
tion through Whatman Autovials (0.45 pum).

Separation of Proteins in the Algal Extract. The raw algal extract
(10 mL) was dialyzed in a membrane tubing with a molecular
weight cutoff of 7 kDa against 1 L of continuously stirred ultra-
pure water at room temperature. Twenty-four hours and three
water changes (at 8 h intervals) later, the tubing content (the
high-molecular-weight components) was collected and labeled
as the algal proteins, or aP. The optical density of the aP solution
at 280 nm (OD,g,) was 1.5, and this was used as an indirect mea-
sure of the protein concentration.

Modifications of aP. Preparation of Denatured aP. For the denatur-
ation of the algal proteins, 10 mL of the pristine aP solution
(OD,go =~ 1.5) was boiled for 30 min (heat-denatured aP) or
mixed with 8 M urea solution and incubated for 3 h (urea-
denatured aP). After the heat-treated solution was cooled to
room temperature or the urea was dialyzed out from the urea-
treated solution, ultrapure water was added to the denatured aP
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Ag reaction intermediates, and Ag surface (nanocrys-
tals facetted by {111} and {100} planes) is currently un-
derway, which may help to provide further information.

CONCLUSIONS

A simple room-temperature one-pot synthesis
based on the bioreduction ability of an algal extract so-
lution has been developed to produce Ag nanoplates.
Microstructural characterizations by TEM, HRTEM, and
selected area electron diffraction showed that the nan-
oplates were oriented with {111} planes as the basal
plane. The experimental results implicated proteins as
the active biomolecules involved in the synthesis of Ag
nanoplates. The hydroxyl groups in Tyr residues and the
carboxyl groups in Asp and/or Glu residues were found
to be responsible for Ag ion reduction and for the aniso-
tropic growth of Ag nanocrystals into nanoplates, re-
spectively. The kinetics of Ag ion reduction depended
not only on the Tyr content (the electron source) but
also on moieties such as His and Cys residues in the pro-
teins which could complex well with the Ag ions (reac-
tion inhibitors). The system identification effort resulted
in the design of a simple bifunctional tripeptide (DDY)
containing one Tyr residue and two Asp residues which
was able to produce small Ag nanoplates in good yield
(>55%) and with low polydispersivity. The formation of
Ag nanoplates was found to be a kinetically controlled
process, depending on the ratio of carboxyl groups to
Tyr per peptide molecule, as a result of the interactions
between carboxyl groups with Ag ions, Ag reaction in-
termediates, and Ag surface.

solution to a final volume of 10 mL, and the solution was stored
at 4 °C until use.

Chemical Modifications of the Tyr Residues in aP with N-Acetylimidazole (NAI).
NAI-modified aP was prepared according to the procedure of
Zhang et al.>® Briefly, an aqueous solution of NAI was prepared
immediately before use. The acetylation of the Tyr residues in aP
(OD,go = 1.5) was carried out in excess NAI solution and in the
presence of the denaturant (8 M urea). Specifically, the algal pro-
teins were incubated with 8 M urea for 1 h before a 50 mM NAI
aqueous solution was added. The mixture was then incubated at
37 °C for 2 h and dialyzed against ultrapure water for 24 h to re-
cover the NAl-modified aP.

Deacetylation of NAI-Modified aP by Hydroxylamine. For deacetylation,
hydroxylamine was added to NAI-modified aP in a pH 7.5 phos-
phate buffer to a final concentration of 1 M. The mixture was
then incubated at room temperature for 1 h and dialyzed against
ultrapure water for 24 h to recover the deacetylated NAI-
modified aP.

Amination of the Carboxyl Groups of aP. Amination of the carboxyl
groups of aP was carried out using the urea-denatured aP solu-
tion and following the procedure of Lopez-Gallego et al.*” In
brief, 5 mL of urea-denatured aP (OD,g, =~ 1.5) was added to 45
mlf 1 M ethylenediamine (EDA) at pH 4.75. Solid 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDAC) was added to the
mixture to a final concentration of 10 mM. After 90 min of gentle
stirring at 25 °C, 10 mL of 0.5 M hydroxylamine solution at pH 7
was introduced. The protein solution was then dialyzed against
ultrapure water for 24 h to recover the amine-modified aP. It has
been reported that the use of 1 M EDA at pH 4.75 and 10 mM
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EDAC would allow the full amination of the carboxyl groups of
proteins.*”

Synthesis of Ag Nanoparticles. Synthesis of Ag Nanoplates Using Algal
Extract. In a typical experiment, 1 mL of 10 mM AgNO; was added
to 9 mL of algal extract, and the reaction was allowed to pro-
ceed under gentle stirring at room temperature for 12 h. The pH
of the reaction medium was adjusted to 7.0 by adding 1 M NaOH
solution.

Synthesis of Ag Nanoparticles Using Pristine and Modified aP. The synthe-
ses of Ag nanoparticles by pristine and differently denatured
and modified (heat-denatured, urea-denatured, NAl-modified,
deacetylated NAI-modified, and amine-modified) aP were car-
ried out under the same conditions as those used for the synthe-
sis in algal extract, except for the substitution of the algal ex-
tract by the aP solution. The optical densities of all aP solutions
at 280 nm were adjusted to a value of ~1.5.

Synthesis of Ag Nanoparticles Using Custom-Designed Tripeptides.
C-terminal methylated tripeptides Gly-Gly-Gly-OMe (GGG), Gly-
Gly-Tyr-OMe (GGY), Gly-Tyr-Tyr-OMe (GYY), Ser-Ser-Tyr-OMe
(SSY), Lys-Lys-Tyr-OMe (KKY), Asp-Asp-Tyr-OMe (DDY), His-His-
Tyr-OMe (HHY), and Cys-Cys-Tyr-OMe (CCY) were dissolved in ul-
trapure water and freshly prepared before use. In a typical ex-
periment, 100 pL of 10 mM AgNO; was added to 1 mL of 2 mM
tripeptide solution. The pH of the reaction mixture was adjusted
to 9.0, and the reaction was carried out under gentle stirring at
room temperature for 8 h.

Materials Characterizations. UV-vis spectroscopy was performed
on a Shimadzu UV-2450 instrument operating at 1 nm resolu-
tion. Examinations of nanoparticle size and morphology made
use of a JEOL JSM-6700F microscope operating at 25 kV (for
FESEM imaging), a JEOL JEM-2010 microscope operating at 200
kV (for TEM imaging), and a JEOL JEM 2010FE microscope oper-
ating at 200 kV (for high-resolution TEM imaging). Fourier trans-
form infrared spectroscopy (FTIR) was carried out on a Shimadzu
FTIR-8400 spectrometer in the diffuse reflectance mode at a
resolution of 4 cm ™', Fluorescence emission spectra were mea-
sured with a Photon Technology International QuantaMaster sys-
tem using an excitation wavelength of 280 nm. The percentage
conversions of AGNO; to Ag were determined by atomic emis-
sion spectroscopy (AES). The AES measurements were carried
out on a Perkin-Elmer Optima 3000DV atomic emission spec-
trometer using an inductively coupled plasma (ICP) source. Ag
nanoparticles were collected by centrifugation after reaction and
then dissolved in aqueous HNO; solution (60%). The emission
at 328 nm was used to measure the concentration of the Ag at-
oms. The percentage conversion was calculated on the basis of
the amount of dissolved Ag atoms in the HNO; solution and the
amount of AgNO; present in the starting solution.
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