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A primary challenge of the bottom-up approach to nanomaterials Scheme 1. Reacting Biotin Disulfide (Green) with NDBs and
is the construction of complex architectures from the nanoscale él\g\?\llgrgog?’lrég'?'l)'int’{z:’r;g Different Mole Ratios, Resulting in Dimers,
building blocks. Self-assembly is the main paradigm to achieve '

this goal, where previous work focused primarily on spherical- w{*x 2L, om0 °
shaped nanocrystafsh forming ordered monolayers, superlattices, @I}Q NDBs :
and molecular-like dimers, trimers, and additional structures. Due x"\/ 1:2\ ratio
to the spherical symmetry of the building blocks, there are no H—H
2

. . . . £.
preferred orientations in such assemblies. Recent advances led to \
the devglopment of s.ha.pe-controlled nanocrystals, whgre a par- ° s om0, + ey 1:2 ratliq
ticularly important family includes that of rod-shaped partiékes. Type2 Type 1

For such nanorod structures, orientation of self-assembly of the NDBs NDBs

building blocks is important and can lead to diverse structures. Only {14 reaction by blocking unbound sites on the avidin. Figure 1a
a few results have been reported for self-assembly of nanorods,qpq,ys TEM images of this sample. Dimer formation is identified
with particular focus on large metal ro#s! Simple conjugation \yith clear preference for head-to-tail binding through the Au tips.
can be done using dithiol molecules as linkéfsput the control s is in contrast with unconjugated NDBs and nonbiotinylated
is limited as the assembly cannot be easily stopped, resulting in \pgs with avidin, which show strongly preferential side-to-side
the distribution of chain lengths. Using more sophisticated bio- arrangement due to strong van der Waals interactions (Figures S1
molecular linkers allows improved control over the self-assembly g3) Carrying out the same experiment in similar conditions for
because of their specificity and the ability to suppress their reactions. cgse rods without gold tips did not lead to preferential head-to-
For metal nanorods, assemblies were previously prepared using,j dimer or chain formation (Figures S4 and S5). This clearly
DNA3 linking, and for long rods, chains were prepared Using shows the selective conjugation of NDBs through the gold tips using
streptavidin-biotin hybridization?”<cwhile under different condi- 5 gisulfide modified biotin molecule and linking with avidin. The
tions, side-to-side assembly was preferted. spacer between the disulfide and the biotin molecule is not rigid,
We have recently developed hybrid metal-tipped semiconductor hence, different angles and distances of conjugated NDBs can be
nanorods termed nanodumbbells (NDBs},and demonstrated the  ggen.
use of the gold tips as anchor points for self-assembly using simple A different distribution of chain lengths favoring trimers was
dithiol molecules, resulting in chain formatidhHere we report  targeted by changing the concentration ratios and reacting type 1
applying a biochemical linking strategy for creating dimer and NDBs with 1:2 excess of avidin. The avidin in this case will mostly
trimer chains of NDBs. This establishes the concept of using Au |ink to biotin on NDBs and will not lead to dimer formation because
tips as anchor points for directed self-assembly, employing linker excess avidin is present and it diffuses more rapidly then the larger
molecules that have a high affinity to gold. NDBs. Next, these avidin-terminated type 1 NDBs were combined
We use the strong and specific avidibiotin interactiof to with type 2 NDBs, which on average have biotin on each Au tip in
construct head-to-tail assemblies of NDBs. Disulfide modified biotin 3 mole ratio of 2:1, and mixed again, followed by adding excess
was used to conjugate the disulfide end to the gold tip of the NDBs. p-piotin. Figure 1b shows the TEM image of this preparation
The biotin end remained available to conjugate to the avidin, which revealing trimers along with dimers and individual NDBs. Once
can conjugate up to four biotin molecules. This can be used to form again, the selective conjugation through the gold tips is clearly
flowerlike shapes of the NDBs as well. A separation method using observed.
a concentration gradient was applied to the conjugated NDBs, To further emphasize the differences in self-assembly in the two
providing further control of the obtained structures. approaches and to purify the distributions of chain lengths, we
NDBs (40 x 4 nm) were synthesized according to the method performed separations using a concentration gradient recently
reported earli¢rand were solubilized in aqueous phase using a applied to separate conjugates of gold nanoparticsner and
ligand exchange method (see Supporting Information). EZ-Link trimer solutions of conjugated NDBs were centrifuged in a sucrose
biotin HPDP (Pierce, Scheme S1) was added to the aqueous NDBsgradient. After the centrifugation, bands were seen, extracted, and
and mixed overnight in the refrigerator, resulting in biotinylated examined by TEM (Figures S6 and S7). The distributions for the
NDBs. The addition of biotin was done in two mole ratios, mole dimer and trimer cases before and after separations are shown in
ratios of 1:1 (typel NDBs) and 1:2 (type2 NDBs), as seen in Figure 2a and b, respectively, and compared with biotinylated
Scheme 1, to control the assembly of NDBs. NDBs. In the dimer experiment, before adding avidin (Figure 2a),
First we show the preferential formation of dimers by using typel most of the population consists of monomers, and some NDBs are
NDBs in which we expect on average one biotin molecule per assembled in a dimer head-to-tail configuration due to nonselective
particle. To this solution, avidin (Sigma), at a 1:2 ratio to the NDBs, aggregation. After the protein was added, an increase in the dimer
was introduced and mixed. Excas$iotin was then added to stop  conjugated NDBs population is seen of more than 35%. The
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Figure 1. TEM images (taken prior to separation) of (a) dimers of NDBs in different conjugation angles, (b) trimers, and (c) flowers (50 nm scale bars).

a dimers exp. lgo trimers exp.
60 1
” lNDBs in aqua
[0 Before separation

c“a 40 [l st (top) fraction

g an [l 2nd fraction

R
20 -
10
]

moﬁc.me‘ mﬂ‘ ge® ‘,3«@*5 ﬁd\omeﬁ 6\«\3‘ “@eﬁ o

Figure 2. Statistics of (a) dimer-induced experiment and (b) trimer-induced
experiment. Black column, in aqua before avidin addition; green column,
after addition of avidin and before gradient separation; blue column, top
fraction taken from the gradient after centrifugation; red column, second
fraction taken from the gradient after separation. In each experiment, more
than 700 NDBs were counted.

relatively large fraction of monomers results from the low ratio of
NDB to biotin used in the first step and required for better control

In summary, we use avidirbiotin conjugation to create rod
dimers, trimers, and flowers based on linking through the gold tips
of the NDBs. This establishes the use of such tips as anchor points
for self-assembly. More controlled assemblies can be envisioned
using also one-sided gold-tipped rétsind more sophisticated
linking schemes such as DNA hybridization.
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of the assemblies. After separation, the top band extracted contains

mostly monomers, as expected, while the lower fraction has more
than 55% dimers, achieving a reasonably pure distribution of the
desired dimer species.

The statistics of the trimer experiment (Figure 2b) show that,
after avidin addition, before the separation (greer20% of the
population are trimers and35% are dimers. After separation, the
top fraction (blue) contains only 20% of trimers. The trimer
population increases in the lower fraction to almost 30%. In this
trimer case we observe, therefore, a broader distribution, which is
to be expected from the added possibilities for conjugation
combinations. This shows also the limitations of the avieiiotin
conjugations to control specific chain lengths of NDBs.

Finally, a unique structure we observed along with dimer
formation is shown in Figure 1c. These are flowerlike arrangements
of NDBs which conjugate to a central point. This can be explained
through the tetramer binding sites of the avidin yielding an “X”-

like arrangement. Moreover, more elaborate flower shapes are seen

and are explained by having more than one disulfide biotin molecule
reacting with the NDB gold tip. Such structures were not reported
for the larger metal rods, likely because of steric hindrance in that
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