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Gold nanotriangles (Au NTs) with tunable edge length were synthe-
sized via a green chemical route in the presence of the designed
consensus sequence tetratricopeptide repeat (CTPR) protein, halide
anions (Br~) and CTPR-stabilized Ag seeds. The well-defined morphol-
ogies, tailored plasmonic absorbance from visible-light to the near
infrared (NIR) region, colloidal stability and biocompatibility are
attributed to the synergistic action of CTPR, halide ions, and CTPR-
stabilized Ag seeds.

Over the past decade, tremendous attention and research efforts
have been devoted to the synthesis of gold (Au) nanoplates.
Because of their highly anisotropic structure and localized surface
plasmon resonance (LSPR) properties, such nanostructures are
exceptionally well suited for biomedical applications such as
biosensing," diagnostics and therapeutics.” The synthesis of planar
Au nanoparticles (NPs) is typically achieved via cetyltrimethyl-
ammonium bromide/chloride (CTAB/CTAC)-based protocols.”*°
However, biomedical applications necessitate tedious and stringent
purification processes for the complete removal of toxic cationic
surfactants.”"'* A growing interest has thus been focused on the
biocompatible and green synthetic approaches that mimic natural
biomineralizaton process.™® In previous studies, plant extracts,***>
amino acids,'® bovine serum albumin (BSA)'”'® amyloid fibril"®
and other shape directing proteins®® have demonstrated dual func-
tions as stabilizers and reducing agents to produce anisotropic
Au nanoplates. In addition,*** Good’s buffers have been reported
to generate gold nanocrystals at ambient condition.**** However,
one-pot synthetic strategies typically resulted in broad morphol-
ogical distribution of NPs. Seed-mediated growth along with the
addition of shape-directing halides has been invoked as the most
potent tools for directing the anisotropic growth of noble metal
NPs.**?5728 The exquisite shape control is mainly realized through
kinetic control as well as the preferential binding to the low
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index facets. As demonstrated in the present work, the incorpora-
tion of seed-mediated techniques into conventional biomineraliza-
ton has the potential to provide unprecedented control over NP size
and shape while maintaining biocompatibility requirements. To our
knowledge, this is the first report of the synergistic action of protein,
halide and protein-stabilized seeds for the efficient formation of
triangular Au nanoprisms with narrow morphological distribution,
excellent colloidal stability and low cytotoxicity.

The details of the synthetic process are depicted in (Scheme S1,
ESIY). Briefly, the CTPR protein (Fig. S1, ESIT) and sodium bromide
were employed as the shape directing agents, while 3-(N-morpho-
lino)propanesulfonic acid (MOPS) was used as a mild reducing
agent.”® CTPR protein is a de novo protein sequence based on the
tetratricopeptide repeat family.® Repeat proteins have attracted
attention of the biotechnology community for their modular
structure and ease of engineering.*’* Although not specifically
designed for biomineralizaton, CTPR proteins have demonstrated
remarkable utility in the synthesis of noble metal nanoparticles®*®
and nanoclusters.’” In a typical synthetic procedure, CTPR3 was
first mixed with gold precursor, followed by the addition of
aqueous NaBr solution. Upon injection of MOPS, the solution
rapidly turn colorless indicating the conversion of Au(m) to
Au(1). The overall reduction will proceed from one hour up to a
couple of days depending upon the concentration of CTPR3
and NaBr. In the presence of 10 pM CTPR3 protein, but without
bromide ion (Scheme S1-I, ESIt) small nanospheres (14.1 + 5.6 nm)
are produced (Fig. 1b). In comparison, a mixture of Au nanoprisms,
five-fold penta-twinned Au NPs (decahedrons) and Au nano-
spheres are produced in the presence of both CTPR3 and NaBr
(Scheme S1-ii, ESIT and Fig. 1c). The formation of anisotropic
Au NPs is consistent with the broad shoulder and asymmetric
shape of the corresponding UV-Vis spectrum (Fig. 1a, ii). In
addition to Au NTs, the decahedrons with multi-fold twinning
structure are also generated, as evidenced by the twin-grain
boundaries and periodical fast Fourier transform (FFT) diffraction
patterns (Fig. S4e and f, ESIT). Although the reaction condition
depicted in Scheme S1-ii, ESI,f produces satisfactory yield of
anisotropic Au NTs, their sizes and shapes are polydispersed
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Fig.1 (a) UV-Vis extinction spectra and (b—e) TEM images of Au NPs

prepared using varied experimental conditions: (i) CTPR3 only; (ii) CTPR3
and NaBr, (i) CTPR3, NaBr, and Ag seeds.

(Fig. S5a, ESIT) due to the inherent drawbacks of one-pot synthesis
such as unavoidable self-nucleation event and poor quality of seeds
with diverse crystal structures.®® Aiming for high-yielding produc-
tion of Au NTs with lower morphological polydispersity, CTPR3-
stabilized Ag seeds were deliberately added to promote the growth
of Au NTs (Scheme S1-iii, ESIT and Fig. 1e). In a general sense, the
addition of Ag seed will induce the catalytic deposition of Au(0)
atoms onto the planar-twinned Ag surface without causing disrup-
tive galvanic etching, particularly under the condition of adequate
amount of NaBr and CTPR3.>***® Once 10 pl of CTPR3-Ag seeds®
with inherent stacking faults are introduced (Scheme S1-iii, ESIY),
the majority of NPs are Au NTs (Fig. 1d and e). This morphological
transition is accompanied by a pronounced red shift of the
LSPR peak to 667 nm (Fig. 1a, iii). Interestingly, efficient for-
mation of Au NTs was also realized using 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) (Fig. S3, ESIt) implying
that the choice of reducing agents potentially could be further
extended to other biologically benign alternatives.

The single crystalline fcc structure Au NTs was identified by
high resolution TEM (HRTEM) and hexagonal pattern of selected
area electron diffraction (SAED) (Fig. S4a and b, ESIf). The
measured interplanar spacing is 0.235 nm, consistent with the
lattice parameter of Au(111) (Fig. S4a, ESIt). The composition of Au
NTs was characterized using energy-dispersive X-ray spectroscopy
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Fig. 2 (a) UV-Vis extinction spectra of Au NPs prepared in the presence of

2.5 ul (black), 5 pl (red), 10 pl (light blue), 15 ul (magenta), 20 pl (green), 25 pl
(dark blue), 50 ul (violet) Ag seeds. (b) Edge length of Au NTs prepared
using varied amount of Ag seeds. TEM images of Au NTs prepared using
(c) 2.5 pland (d) 5 pul Ag seed.

(EDS) (Fig. S4c, ESIt). The smooth atomic force microscopy (AFM)
profile is indicative of the planar top face of Au NTs (Fig. S4d, ESIY)
with the measured thickness between 8-15 nm, mainly depending
on the amount of Ag seeds added.

It has been demonstrated that the LSPR features for Au NTs
are closely associated with their edge length, thickness, and the
tips sharpness.’® As shown in the Fig. 2a, the LSPR of Au NTs
can be conveniently tuned to span a broad range from visible-
light to near infrared (NIR) region by simply adjusting the
amount of Ag seeds added in the initial growth stage. The shift
in dipole plasmon resonance agrees very well with the change in
the NT edge-length observed in TEM images. The edge length of
the Au NTs could be finely tailored from 61 + 7 to 137 £ 33 nm
(Fig. 2b-d). Notably, the yield of Au NTs is approximately 75% of
the overall population without any purification process (Fig. S5b,
ESIt), which will increase to 85% by harvesting after sedimenta-
tion process (Fig. 1e and Fig. S5c, ESIT). In sharp contrast, Au NTs
with broader size distribution (41 + 14 nm) are obtained using
one pot biomineralizaton without adding Ag seed. Intriguingly,
the addition of Ag seeds also bring great benefits by significantly
reducing the use of NaBr and CTPR without compromising the
overall yield. A strong dipole LSPR peak was identified for the
Au NTs sample prepared in the presence of 2 uM CTPR3 and
5 mM NaBr (Fig. S6, ESIT).

Proteins and peptides could be used as efficient capping agent to
grant excellent colloidal stability and interesting physicochemical
properties to the functional nanomaterials.*™** We further explore
the colloidal stability of the as-synthesized Au NTs and Au NTs in
the fetal bovine serum (FBS). As shown in Fig. 3a, after Au NTs are
incubated with FBS for 2 hours an increase in the hydrodynamic
diameter of 30 nm is observed (Table S1, ESIT). The increase in
diameter can be attributed to adsorption of proteins from the
FBS solution. It is important to note that the colloidal stability of
CTPR3-stabilized Au NTs is maintained during the centrifugation
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Fig. 3 (a) DLS of Au NTs before and after incubation with fetal bovine

serum (FBS). (b) Percent of viable MBEC cells determined from MTT assay
after incubation with varied concentrations of Au NTs (5-40 pg).

and re-dispersion processes and no agglomeration of NTs occurs
after incubation with FBS. As expected, CTRP3-stabilized Au NTs
have negative zeta potential due to the overall negative charge of
the CTPR3. After incubation with FBS the zeta potential increases
to —17.9 mV (Table S1, ESIt), which is in agreement with previous
reports of —20 mV zeta potential for Au NPs after FBS incubation
independent of the initial NP surface charge."** The protein
corona can also serve as protecting agent to lower the cytotoxicity
of nanomaterials.*> To that end, mouse brain endothelial cells
(MBECs) were incubated with the as-prepared CTPR-stabilized Au
NTs for 6 hours and cell viability was measured using MTT assay.
For Au NT concentration range 5-40 ug mL ™' no concentration
dependent cell toxicity was observed (Fig. 3b).

Even though the detailed growth mechanism is still elusive,
we try to postulate a possible mechanism for the seed-mediated
biomineralizaton. We have recently shown that the binding
affinity of Au species to CTPR3 is driven mainly by metal-n
interactions with tyrosine and tryptophan side chains and
hydrogen bonding to asparagine side-chain.*®**° Moreover, the
overall binding constant is ionic strength dependent. Interest-
ingly, CTPR contains no cysteine or a specific gold binding
sequence such as AG3.%*” To elucidate the roles of CTPR3 and
bromide we first performed syntheses at the fixed ratio of HAuCl,
and MOPS (0.2 mM: 40 mM), but either the concentration of
CTPR3 or NaBr was adjusted. In the presence of 100 mM NaBr,
the overall yield of anisotropic NPs increases as the concentration
of CTPR3 increases. For instance, irregular sheet-like NPs are
produced in the absence of CTPR3 (Fig. S7a, ESIf), limited
number of Au NTs with rounded tips (<10%) are generated
when concentration of CTPR3 is less than 1 uM (Fig. S7b, ESI¥).
But as concentration of CTPR3 reaches 4 uM, 35% of the NP
population are Au NTs (Fig. S7c, ESIt). Further increase in CTPR3
concentration up to 20 uM only slightly improved the overall yield
of Au NTs at the cost of extended reaction time (>2 weeks). On
the other hand, increasing the concentration of NaBr will also
facilitate the growth of anisotropic Au NPs (Fig. S8a and b, ESI{),
which is consistent with the previous report.>® Nevertheless,
when excess surface capping agent, either CTPR3 or NaBr is
present, the reduction reaction will be dramatically inhibited and
the free gold precursor will not be consumed efficiently to
provide feedstock of Au(0) thereby hindering the growth of planar
Au NTs. The yield of Au NTs declined and ill-defined NPs are
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formed after adding 300 mM NaBr (Fig. S8c, ESIt). The highest
yield of Au NTs was reached in the presence of 10 pM CTPR3 and
100 mM NaBr. Under optimized synthetic conditions, approxi-
mately 70% of NPs are bounded with (111) facets, among which
Au NTs accounted for 75% of the entire population (Fig. S5a,
ESIt). The prevalence of Au NTs and decahedrons implies that
the coexistence of protein and NaBr promotes the nucleation of
seeds with either planar or penta-twinned defects.

Herein we postulate that at the initial stage of the one-pot
synthesis (Scheme S1-ii, ESIt), Au nuclei with planar or penta-
twinning structures are produced. The former will assemble into
triangle-like pattern at the localized domain. This phenomenon
was previously observed in the synthesis of Au nanoplates using
extract of lemongrass and BSA.'**' Au NPs with corrugated and
stepped edges are observed after 12 and 24 h consistent with the
continuous deposition of gold atoms onto the triangle analogues
(Fig. S9, ESIt). Interaction between CTPR3 and Au(im) is stronger
at higher ionic strengths, thus as the concentration of NaBr
increases more Au(i) ions will be complexed with the protein
influencing the reduction kinetics.”® At intermediate NaBr
concentration there will be less free Au(mi) ions accessible to
the (111) faces with lower surface energy and chemical reactivity
as compared with the stepped edges bearing high-density defects.
CTPR3 NH, or NH;" pendant groups may also interact with
Br~ and enhance the steric hindrance analogous to the zipping
mechanism of CTAB.> The (111) faces are further passivated by
the adsorption of Br~ and CTPR3 via the surfactant templating or
face-blocking process.>® This scenario is supported by the compo-
sitional distribution of Br, O and N enriched on the (111) facets of
Au NTs as shown in the Fig. S10 (ESIt). Eventually, the corrugated
and stepped face gradually diminished whilst the Au NTs and
decahedrons bounded with (111) faces are generated. Unfortu-
nately, the broad distribution of crystallinity of nuclei along with
the concomitant self-nucleation of isotropic NPs restrict the
precise control over the size and shape. Once CTPR3-stabilized
Ag seeds with innate planar twinning structure are added (Scheme
S1-iii, ESIY), the initial self-nucleation process will be appreciably
circumvented. It has been well recognized that the twinned crystal
seeds prompt the lateral growth of 2D planar nanostructures by
providing low-energy re-entrant groves.”> Consequently, the as-
reduced Au(0) will be predominantly deposited onto the facets -
other than (111) - of planar twinned Ag nanocrystals in a rapid
manner thereby improving the yield along with the quality of the
Au NTs. As observed in STEM-EDX experiments, the trace amount
of Ag element is evenly distributed over the entire area of the Au
NTs rather than accumulated in the core (Fig. S10 and S11, ESIY).
This observation is consistent with the dissolution and diffusion
of Ag into the Au NTs, particularly when exposed to the light and
under the condition of high halide concentration.

In summary, we have developed a facile and high-yielding
green methodology for the syntheses of anisotropic Au nano-
prisms at ambient condition, in which NaBr, CTPR as well as
CTPR-stabilized Ag seeds have imposed synergistic effects upon
the morphology of the Au NPs. Indeed, since the CTPR sequence
was not specifically designed or selected for binding Au, it is
tempting to propose that the physico-chemical properties of
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biomolecules (e.g. pI, number of aromatic side-chains, etc.) are
more important for efficient synthesis of anisotropic Au nano-
structures than the actual specific binding motifs. Thus this
synthetic strategy can be further extended to a vast diversity of
biomolecules as long as physico-chemical properties are opti-
mized. One can then easily envision “designer coronas” where
specific molecular recognition moieties can be incorporated into
the engineered proteins or peptides to match a biomedical
application.>® Furthermore, this work demonstrates that the
incorporation of seed-mediated growth into conventional bio-
mineralizaton strategy yields noble metal NPs with unprecedented
control over size and shape. Obtained Au NTs with well-defined
morphologies exhibited tailored plasmonic absorbance ranging
from visible to NIR region. Reported NPs are colloidally stable and
biocompatible thus holding great promises for versatile bio-
sensing and biomedical applications.
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