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Gold nanorods (NRs) exhibit strong optical extinction at their el .. Tl s
longitudinal plasmon wavelengths. They have been demonstrated °\‘ 'l' // \ ‘; } ?E/ 4 i
to function as scatterifigand two-photon chromophoregor RLGIREN AR
bioimaging, biosensofs}and agents for cancer therapyhey have ,Egﬁ?jffjfjﬁ%ﬂd — St inano nuizfi g g:-fét immi ﬁi’if:g
also been incorporated into polymers and deposited onto bacteria 7’#??915&&{?{!&? 7{ pea § Eﬁf ;if'ﬁ
to form optical and bioelectronic materidlsElectrochemical, £ N H{?ﬁi@ﬁ;&h iigigtﬁﬁlii

photochemical,and seed-mediated meth&ds have been devel- R AN
oped for growing Au NRs in cationic surfactant aqueous solutions. ’ o
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Major efforts have so far focused on the control of the lengths of 0O H @NH
NRs, for example, by the use of surfactants with different A~ Il I‘!l ’
headgroup$ and by means of multistep growd®2 Deliberate glutathione HOOC ';'/j/ WCOOG
control of NR diameters has remained elusive. H HS 0
Glutathione (GSH) is the most abundant thiol species in cells - or ®
(intracellular 10 mM, extracellular<10 uM).3 It functions cysteine NH,
biologically in detoxification processes and protection against HS 000@
oxidant injury. Prior experiments have found that GSH can serve
as triggers for drug release from Au nanopatrticle cartteand as e AuCl, e~ CTAB
linkers for end-to-end assembly of Au NRE: Figure 1. Schematic showing the transverse overgrowth on Au NRs

Here we report the transverse overgrowth on Au NRs induced induced by the selective binding of GSH or cysteine to their ends.
by the binding of GSH or cysteine onto their ends (Figure 1). During
overgrowth, Au NRs become wider and their lengths stay un- and a transverse one at 513 nm. As the volume of the growth
changed. Their shape undergoes a gradual change from rodssolution is increased, the longitudinal plasmon peak gradually blue
peanuts, and truncated octahedra to faceted spheres as the amoushifts and the transverse one slightly red shifts. They finally merge
of the Au precursor is increased. together at 559 nm. The complete growth of these products takes

Original Au NRs were grown using the seed-mediated method about 1 day [Supporting Information (SI) Figure S1]. The resulting
in cetyltrimethylammonium bromide (CTAB) solutions in the  samples exhibit distinct colors (S| Figure S2), with their longitudinal
presence of AgN@) as reported previously:'21Briefly, the seed  plasmon peak wavelengths tunable fror860 nm to that of the
solution was made by adding a freshly prepared, ice-cold NaBH griginal NRs. After complete growth, these NR samples are stable
solution (0.3 mL, 0.01 M) into a mixture solution composed of gyer a period of months without any observable shift in their
HAUCI, (0.125 mL, 0.01 M) and CTAB (3.75 mL, 0.1 M). The " |ongjtudinal plasmon wavelengths. In contrast, the Au NRs grown
NR growth solution was prepared by adding ascorbic acid (1.152 by the seed-mediated method in one step in the presence of AgNO
mL, 0.1 M) into a mixture solution composed of HAuGY.2 mL, are unstable, and their longitudinal plasmon peak can drift toward

0.01 M), AgNG; (1.08 mL, 0.01 M), and CTAB (171 mL, 0.1 M).  ghorter wavelengths by as much as 100 nm over a period of hours
This growth solution was used for both the preparation of the days!?

original Au NRs and transverse overgrowth. The original NRs were 1.2 smission electron microscopy (TEM, FEI CM120) was
;’sltjt'ir:)end (% i‘é‘;'nr?i;‘e lzss:e?restr?lslcé?ge(oé\l/grggrrg\l;\ztr;m(; t:zlglj;;vtvéz used to characterize the size and shape evolution of the growth
: : ‘ . ! o products (Figure 2B G, Sl Figure S3). The original NRs exhibit
\IiloFlzumel Of. GSH (O'Sl.M) was f'ILSt added |nto_ the afs-lgrownTot:lglnal relatively narrow diameter and length distributions, and their ends
l's_o utlor_1 oo t?'n_ a GS kconcentratlon of 1064. ‘ € h are slightly wider than their middle sections (Figure 2B). After the
(/esu .tlng mllxture sof uttrl]on wasthept Iai' room temt;;]eratu(rjz %r '2t " addition of a small amount of the growth solution, the NRs grow
al?rylc?t% Z}?tﬁge;i; reio%nt)ivc\)/n solution were then added Into wider, with the ends growing faster than the middle sections in the
gijgure oA showsuthe ex;Jinctién spectra (Hitachi U-3501-UV Fransverse direction (Figure 2C). As more of the growth solution
visible/NIR spectrophotometer) of the growth products obtained Is added, the growth produgts undergo a shape change from rods
o . o to peanuts (Figure 2D). With the supply of even more growth
by the addition of varying volumes of the growth solution into : . . ;
aliquots of the original Au NR solution containing 1081 GSH solution, the growth at the middle sections catches up with and
The original Au NRs have a longitudinal plasmon peak at 77'8 nm eventually overtakes that at the ends (Figure 2E), and the shape of
the products transforms from peanuts to truncated octahedra (Figure

ISQL’I‘ﬁseUﬁI“V';’g%'}V of Hong Kong. 2F). The increase in the growth rate at the middle sections relative
§ University of California, Santa Barbara. to that at the ends is presumably due to the development of the
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Figure 3. HRTEM images of (A) a nanopeanut and (B) an octahedron.
The nanoparticles in (A) and (B) are from the samples (f) and (I) shown in
Figure 2A, respectively. Both are oriented in the [110] direction.
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Figure 2. GSH-induced transverse overgrowth. (A) Extinction spectra of k1] ()10 1M - :2) 1;3 J-l:
the growth products taken 1 day after the addition of varying volumes of g 2 \a
the growth solution into 2.5 mL aliquots of the original Au NR solution uij1 |
containing 10tM GSH. (B) TEM image of the original Au NRs. (€G) (B)
TEM images of the products corresponding to the samples (c), (f), (h), (1), (1] il 1
and (m) shown in (A), respectively. (H) Plots of the lengths (squares) and 400 600 800 1000
diameters (triangles) of the growth products as a function of the volume of Wavelength (nm)
the added growth solution. The lines are a guide to the eye. Size o )
measurements were carried out on 200 particles per sample. Figure 4. (A) Extinction spectra of the growth products obtained by the

. addition of 5 mL of the growth solution into 2.5 mL aliquots of the original
stable{111} facets of the face-centered cubic structure of gold. A Ay NR solution that contains GSH at varying concentrations. (B) Extinction
further growth results in the formation of faceted Au spheres (Figure spectra of the growth products obtained by the addition of 10 mL of the
2G). growth solution into 2.5 mL aliquots of the original Au NR solution that

The sizes of the growth products were measured from their TEM S0nt@ins GSH at varying concentrations. (C and D) TEM images of the
. . h . . growth products corresponding to the samples (c) and (e) shown in (B),
images. Since their thicknesses are not uniform along the length eqpectively.
direction, the diameter at the middle was measured. The original
Au NRs have an average diameter and length of #.3.9 and longitudinal growth is induced by the preferential binding of GSH
36 £+ 4 nm, respectively. During overgrowth, the length remains to the ends of Au NRs (Figure 1).
unchanged, indicating that the longitudinal growth is completely =~ Many control experiments were carried out to understand and
blocked. The diameter increases roughly linearly with the volume verify this transverse overgrowth. First, the overgrowth was
of the added growth solution (Figure 2H and Sl Table S1). This performed at varying GSH concentrations. The NR concentration
leads to the reduction of the aspect ratio and the blue shift of the in the as-grown solution is estimated to 84 nM according to
longitudinal plasmon peak (Figure 2A). The final production of previously measured extinction coefficients at the longitudinal
faceted spheres causes the merging of the longitudinal andplasmon wavelengt. It was found that there exists an optimal
transverse plasmon peaks. GSH concentration of100uM for inducing the transverse growth
High-resolution (HR) TEM imaging (FEI Tecnai 20 ST) was while completely blocking the longitudinal growth. Figure 4A and
further performed to characterize the crystal structures of the B shows the extinction spectra of the products grown at varying
products obtained from the transverse overgrowth. Au NRs grown GSH concentrations up to 10V by the use of 5 and 10 mL of
using the seed-mediated method in the presence of Agi®e the growth solution, respectively. It is observed that the products
been shown to be single-crystalline with their side surfaces enclosedobtained at GSH concentrations lower than 100 have longer
by the{10G and{110 facets!'216 HRTEM imaging reveals that longitudinal plasmon wavelengths and therefore larger aspect ratios
all of the growth products remain single-crystalline. Figure 3 shows than those obtained at 1@® GSH. This suggests that the average
representative lattice-resolved images of a peanut-like particle andlengths of the products obtained at lower GSH concentrations are
a truncated octahedron. A majority of the growth products are larger than those obtained at 108 GSH if the amount of the
oriented in the [110] direction under TEM imaging. consumed Au precursor is assumed to be equal. Therefore, the
It has been suggested that Au NRs grown in CTAB solutions longitudinal growth is not completely blocked at lower GSH
are encapsulated in a CTAB bilay’rThiol molecules at low concentrations. This incomplete blocking is further confirmed by
concentrations are preferentially bound to the ends of Au NRs, as TEM imaging. The products obtained at lower GSH concentrations
demonstrated previously by the end-to-end assembly of Au NRs are larger in both diameter and length than the original NRs (Figure
using various thiol moleculgst>1° This preferential binding is 4C,D, and Sl Table S1). In addition, a considerable percentage of
probably due to the fact that the CTAB bilayer is less ordered at the products exhibit one fat end, suggesting that the longitudinal
the ends than that at the side surfaces of Au NRs. We thereforegrowth is partially blocked. At GSH concentrations higher than
believe that the transverse growth with a complete blocking of the 100uM, Au NRs are linearly assembled, and both the transverse
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entially bound to the ends of Au NRs, which blocks their
longitudinal growth completely. As a result, the diameters of Au

c 3 NRs become larger and larger while their lengths remain unchanged,
-22 as more and more growth solution is supplied. This transverse
3 overgrowth provides an alternative means for tailoring both the

E"‘ longitudinal plasmon wavelengths and extinction cross sections of

Au nanoparticles and will therefore facilitate their use in optics,
optoelectronics, and biotechnology.
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