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etched by O2 provided during the vigorous agitation, followed
by the condensation on the adjacent larger NPs, preferentially
at the higher edge sites.59 As clearly seen in the Fig. 2 inset,
some protrusions and fused small hemispheres are identified
on the top and at the edge of the Ag NTs. Further increase in the
precursor amount allows for the continuous lateral deposition
of Ag(0) onto the Ag prisms in a face-selective manner and the
round disks are converted to NTs (stage IV). The structural
transition from small triangles to round disks and finally back
to large triangular nanoprisms has been previously observed by
Yin et al.60 The individual edges of small triangles formed at the
early stage are composed of one hcp facet sandwiched by one
(111) and one (100) fcc facet of varied thickness.35 The preferential
deposition of Ag on (100) sub-facets leads to the formation of
intermediates such as truncated hexagonal nanoplates or round
disks possessing a mixture of (100) and (111) bounded edges. The
shape evolution ceases when all the (100) facets disappear, accom-
panied by the formation of intact triangles. The observed LSPR red
shift of the lmax … 408 nm- 430 nm - 513 nm - 623 nm … is
consistent with the proposed mechanism and shape evolution
from the small Ag seeds to bigger Ag nanospheres to small 2D
nanoprisms and finally to larger NTs (Fig. 2 and Fig. S4, ESI†).
We surmise that the following two mechanisms act in concert: (1)
atom-by-atom deposition of newly reduced Ag(0) onto the high-
energy edges of preformed nanoprisms; and (2) dissolution and
merging of tiny spherical NPs and nanoclusters onto the aniso-
tropic 2D NTs.61

E�ect of CTPR3 sequence on the Ag seeds and the Ag NTs.
To further explore the distinct role of CTPR3, control experiments
were performed in which commercially available Bovine Serum
Albumin (BSA) and lysozyme were utilized as stabilizers in the
synthesis of Ag seeds. Additionally, we also prepared Ag seeds in
the absence of CTPR3 as shown in Fig. S5a (ESI†). Well-dispersed
Ag seeds were prepared in the presence of BSA, even though the
FWHM of UV-Vis absorbance is broader than for seeds prepared
with CTPR3 indicating the higher size polydispersity. In sharp

contrast, severe agglomeration of lysozyme…Ag NPs occurs resulting
in a broad hump in the UV-Vis spectra (Fig. S5a, ESI†).

Next, we proceeded with NT synthesis. 20ml of as-prepared
Ag seeds stabilized with either CTPR3, BSA, or lysozyme were
used in the reaction as described. Whereas the colloidal solution
synthesized using CTPR3-Ag seeds exhibits strong absorbance
peaks in the NIR region (793 nm), ascribed to the characteristic
in-plane dipolar LSPR band of Ag NPs (Fig. S5b, ESI†), no
apparent LSPR bands were identified in the NIR region of
colloidal solutions prepared using other seeds. This observation
is consistent with TEM images where NPs prepared with CTPR3
seeds are well-defined NTs with a narrow size distribution
(Fig. S5c, ESI†) but a variety of shapes are present when using
other Ag seeds (Fig. S5d…f, ESI†).

The observed e�ect of protein used in AgNP synthesis can be
rationalized by a closer inspection of protein physicochemical
properties. CTPR3 and BSA have similar pI values, 4.5 and
4.7, respectively, but BSA has almost five times larger molecular
weight. Additionally, CTPR3 does not contain any thiols whereas
BSA does. On the other hand CTPR3 and lysozyme are similar in
size, but lysozyme has a pI of 11.35. Thus we suggest that neither
thiols nor positive charge is favourable for the growth of NTs. The
cysteine or disulphide moieties … present in both BSA and lyso-
zyme … have strong binding affinities for Ag and potentially inhibit
both the growth of a low-energy (111) top facet and the lateral
growth of high energy (110) and (100) facets on the edges.
Concurrently, the positive charges and sulfhydryl and disulphide
functionalities may also lead to the undesirable assembly of NPs as
shown in Fig. S5d and e (ESI†).

To date, a series of amino acid residues have been exten-
sively exploited to modify the surface properties or regulate the
growth of metal NPs.62…65In particular, the terminal poly-
histidine and cysteine tag is often deliberately engineered into
the protein or peptide for the controlled assembly or patterning
of NPs.66…70To better understand the tolerance of the described
synthetic strategy to modifications of CTPR3, we performed
Ag NT synthesis using either CTPR3 with a N-terminal poly-
histidine tag or CTPR3 with an engineered C-terminal cysteine.
Although the UV-Vis spectra of colloidal solution containing Ag
seeds are identical in all cases (Fig. S6a, ESI†), the intensity
of LSPR peaks is noticeably lower for Ag NTs preparedvia
CTPR3-cys-Ag seeds in contrast to their counterparts (Fig. S6b,
ESI†). Ag NPs with large size and shape polydispersity are
generated in the reaction with CTPR3-cys-Ag seeds similar to
that observed for BSA…Ag seeds (Fig. S6c, ESI†). Conversely, reaction
with poly-histidine CTPR3-Ag seeds resulted in the formation
of fully-developed triangles with a small degree of truncations and
snips (Fig. S6d, ESI†).

Although the specific interactions between CTPR3 and Ag
NPs are not yet known, we hypothesize that abundant aromatic
residues, i.e. tyrosine and tryptophan in the CTPR sequence
play a role analogous to polystyrene sulfonate or aromatic
surfactants, such as benzyldimethylhexadecylammonium chloride, 10

in promoting the growth of high-quality Ag seeds. Rather than
through facet-selective adsorption or the so-called surfactant
templating mechanism, the precise shape control is attained

Fig. 2 Mechanism of Ag NTs formation. The LSPR wavelength and TEM
images corresponding to di�erent injection volumes of 0.5 mM AgNO 3.
Inset: HR-TEM images of protrusions fused onto the nanoprisms.
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