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We report herein biotin-streptavidin-mediated aggregation studies of long gold nanorods. We have
previously demonstrated end-to-end linkages of gold nanorods driven by the biotin-streptavidin interaction
(Caswell et al. J. Am. Chem. Soc. 2003, 125, 13914). In that report, the specific binding of biotin disulfide
to the gold nanorod edges was achieved due to the preferred binding of thiol molecules to the Au{111}
surface (gold nanorod ends) as opposed to the gold nanorod side faces. This led to the end-end linkage
of gold nanorods upon subsequent addition of streptavidin. In this report we demonstrate a simple procedure
to biotinylate the entire gold nanorod surface and subsequently form a 3-D assembly by addition of
streptavidin. Gold nanorods were synthesized by the three-step seeding protocol documented in our previous
articles. The surface of gold nanorods was further modified by a layer of a weak polyelectrolyte, poly(acrylic
acid), PAA. A biotin molecule which has an amine group at one end (biotin-PEO-amine) was anchored
to the carboxylic acid group of the polyelectrolyte using the well-known carbodiimide chemistry. This
process biotinylates the entire gold nanorod surface. Addition of streptavidin further leads to aggregation
of gold nanorods. A closer look at the aggregates reveals a preferential side-to-side assembly of gold nanorods.
The gold nanorods were characterized at each stage by UV-vis spectroscopy, light scattering, and
transmission electron microscopy (TEM) measurements.

Introduction

It is well-known that individual nanoparticles have
interesting properties that are different from those of the
bulk.1 Exciting properties emerge when these individual
nanoparticles form a 2-D or a 3-D assembly.2 The ability
to tailor the separation of individual nanoparticles in this
assembly, leading to tunable optoelectronic properties of
the aggregate, is of great interest and a great challenge.
Various efforts have been made to design suitable
techniques to organize nanoparticles into 2-D3 or 3-D2,4

assemblies. Such assemblies are possible via self-assembly
procedures governed by the surface chemistry of individual
particles. This chemistry takes advantage of covalent or

noncovalent (antigen-antibody, electrostatic, hydrogen-
bonding) interactions.3,4 Thus, knowledge of molecules on
the surface is critical. By appropriate choice of capping
agents, one could use nanoparticles for different applica-
tions such as solution-based sensors,5 nanoparticle thin
films using particle-2-D-surface interactions,3 carrying
out chemical reactions on surfaces, and so forth.6 If
biomolecules such as proteins or DNA are used for surface
modification, then nanoparticles could be used for bio-
specific assays.7

While the controlled assembly of spherical nanoparticles
in solution has met with a fair degree of success, 3-D
assembly of other shapes such as nanorods and nanowires
is less well-known.8,9 These studies use either specific
(antigen-antibody)8 or weak secondary interactions.9
Mann and co-workers have shown that DNA-modified gold
nanorods can be assembled into 3-D aggregates by the
addition of a complementary linker DNA.8a Mallouk and
co-workers have assembled DNA-modified gold nanowires
onto 2-D surfaces.8b Chang et al. use the specific affinity
of anti-mouse IgG toward mouse IgG to achieve oriented
assembly of short gold nanorods in solution.8c The use of
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biotin-streptavidin interaction for preferential end-to-
end assembly of gold nanorods has been demonstrated by
us.8d There have also been reports which demonstrate the
use of different weak interactions such as hydrogen
bonding,9a surfactant-mediated interactions,9b,c electro-
static cross-linking,9d and other secondary interactions9e

to form different solution-based assemblies and liquid-
crystalline arrays of short and long inorganic nanorods.

In some of the reports mentioned above,8 bifunctional
thiols have been used to modify the nanorod surface. In
our case, the ends of gold nanorods display a {111} crystal
face, and the side faces have {100} or {110} crystal
structures.10 We and others have observed that thiols
preferentially bind to the nanorod ends.8c,d,9a Though this
would be advantageous for certain applications, it would
also be beneficial to have complete surface functional-
ization of nanorods.

In this report we demonstrate the biotinylation the
gold nanorod surface. The as-prepared long gold nano-
rods (length ∼ 600 nm, and thickness ∼ 30 nm) are
positively charged due to the presence of a bilayer of the
capping surfactant cetyltrimethylammonium bromide
(CTAB).3d,11,12c This facilitates electrostatic adsorption of
a carboxylic acid-containing polymer by the layer-by-layer
approach.12 As the polymer coats the entire gold nanorod
surface, carboxylic acid groups are present over the entire
nanorod surface. Next, a biotin molecule containing an
amine group is anchored to the rods via the well-known
carbodiimide chemistry. The resulting nanorods would

then, in principle, be uniformly biotinylated. Subsequent
addition of streptavidin to these biotinylated gold nanorods
leads to nanorod aggregation. A closer look at the
aggregates reveals preferential side-to-side assembly of
gold nanorods. The different steps involved in this process
are shown in Scheme 1. The entire process was monitored
by UV-vis spectroscopy, light scattering, and transmis-
sion electron microscopy measurements. Biotinylation of
the nanorod ends8d versus the entire nanorod surface is
another step further toward achieving surface function-
alization of gold nanorods.

Experimental Section

Materials.Chloroauricacid (HAuCl4‚3H2O), trisodiumcitrate,
sodium borohydride (NaBH4), ascorbic acid, and the polyelec-
trolyte poly(acrylic acid, sodium salt) (PAA), MW ∼ 15000 g/mol,
were all obtained from Aldrich and used as received. EZ-link
biotin-PEO-amine, MW ∼ 374.50 g/mol (spacer arm ∼ 2 nm)
and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochlo-
ride (EDC), MW ∼ 191.7 g/mol, were purchased from Pierce
Chemicals and used as received. Streptavidin (from Streptomyces
avidinii), MW ∼ 60 kDa, and cetyltrimethylammonium bromide
(CTAB) were obtained from Sigma and used as received. Sodium
chloride (NaCl) was purchased from Fisher. All glassware was
cleaned with aqua regia and rinsed with deionized water prior
to experiments. The water used for all experiments was Fisher-
brand deionized ultrafiltered water.

Synthesis of Gold Nanorods. Gold nanorods were synthe-
sized by the seed-mediated, template assisted protocol as has
been described elaborately in our earlier publications.13 This
protocol gives fairly monodisperse, stable gold nanorods (sta-
bilized by a bilayer of CTAB)3d,12c,13 that have lengths ∼ 500-(10) Jana, N. R.; Gearheart, L. A.; Obare, S. O.; Johnson, C. J.; Edler,
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Scheme 1. Scheme Showing the General Methodology Used for Gold Nanorod Biotinylation and Subsequent 3-D
Assembly.
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600 nm and diameters ∼ 25-30 nm.3d,13 This protocol produces
a high percentage of gold nanorods, although small rods and
other shapes (triangles and spheres) are also present.13b

Polyelectrolyte Coating of Gold Nanorods. Aliquots of
as-prepared (un-purified, containing excess CTAB) gold nanorods
were placed in 1.5-mL microcentrifuge tubes and centrifuged
once at 8000 rpm for 6 min. A pellet of gold nanorods was formed
at the bottom of the microcentrifuge tubes. The supernatant
colorless solution (containing excess CTAB) was slowly removed
without disturbing the pellet. For polyelectrolyte coating experi-
ments, two pellets were combined to double the nanorod
concentration.

Stock solutions of PAA at 10 mg/mL concentration were
prepared in 1 mM aqueous NaCl solution. To the microcentrifuge
tubes containing the gold nanorod pellets were added 1 mL of
1 mM NaCl aqueous solution and 200 µL of PAA stock solution.
After 30-min adsorption time, the excess polymer in the
supernatant fraction was removed by centrifuging and rinsing
twice (7000 rpm, 6 min), and finally redispersing the pellet in
1 mL of deionized water. The coated nanorods were stable for
weeks, as judged by the absence of any color change.

Biotinylation. A 10-4 M stock solution of EZ-link biotin-
PEO-amine was prepared in deionized water and stored at 4
°C. A 10-2 M stock solution of EDC was prepared in deionized
water and stored below 0 °C. Both these solutions were
equilibrated to room temperature before use. To 1 mL of PAA-
coated gold nanorod solution, 100 µL each of stock solution of
biotin-PEO-amine and EDC were added stepwise under
vigorous stirring. Stirring was continued for 10-20 s, and then
the rods were stored undisturbed for a period of 24 h.

3-D Assembly of Nanorods. A 1.6 × 10-5 M stock solution
of streptavidin was prepared in deionized water and stored below
0 °C.Beforeaddition to biotinylatedrods, the streptavidinsolution
was equilibrated to room temperature. To 1 mL of a solution of
biotinylated rods, 20 µL of stock solution of streptavidin was
added under vigorous stirring conditions. The solution was stirred
for 1 min and stored at room temperature for further analysis.

Instrumentation. UV-vis spectroscopy was performed on a
Varian model Cary 500 Scan UV-vis-NIR spectrophotometer.
Light scattering and ú-potential measurements were performed
on a Brookhaven Zeta PALS instrument. Transmission electron
microscopy (TEM) measurements were performed on a Hitachi
H-8000 TEM instrument operating at an accelerating voltage of
200 kV. TEM samples were prepared by immersing the TEM
grids (for 10 min) inside a vial containing 200 µL of nanorod
solution which was to be analyzed. Subsequently the solution
was removed after this period, and any small drops left on the
TEM grid were removed using a tissue paper. This method is
slightly different from the one we normally use to prepare TEM
samples, wherein we dry a drop of nanorod solution onto a TEM
grid for 1 h. Experimentally we observed a difference for these
two approaches. When nanorods are dried on a TEM grid, they
form specific patterns on the grid surface due to water evapora-
tion;14 these patterns can be avoided by using the method used
herein. The method used here was specifically used for our
purpose in this report in order to rule out any evaporation-related
arrangement of gold nanorods. TEM was also used to determine
the separation distance between individual nanorods.

Control Experiments. TEM and light-scattering measure-
ments were performed on as-prepared gold nanorods, gold
nanorods after PAA coating, and after biotinylation (but without
addition of streptavidin) to rule out any non-specific aggregation.

Results and Discussion

Biotinylation of nanoparticles is a key step in order to
utilize them for bio-sensing applications.4 Usually, a biotin
molecule with a thiol group at one end is used to modify
inorganic nanoparticles because of the high affinity of
thiols toward noble metals.4e-g,8d Anisotropic nanocrystals,
particularly gold nanorods, which we routinely synthesize
in our laboratory,13 gave interesting biotinylation results.8d

Biotin disulfide preferentially bound to the Au {111} faces
of the gold nanorod ends.8d Addition of streptavidin further
led to the end-to-end assembly of large gold nanorods.8d

In this new study, to achieve entire surface biotinylation
of gold nanorods, we had to couple two different tech-
niques: (a) anionic polymer adsorption using a carboxylic
acid-containing polymer (poly(acrylic acid), PAA) and (b)
carbodiimide chemistry to link biotin-PEO-amine to the
PAA layer.

Carbodiimidechemistry is commonlyusedto formamide
bonds between carboxylic acids and primary amines. The
carbodiimide 1-ethyl-3-(3-dimethylaminopropyl) carbo-
diimide hydrochloride (EDC) is used for this process. As
a first step, EDC reacts with a carboxylic acid group and
forms an amine-reactive intermediate. In the next step,
addition of a primary amine-containing molecule in this
reaction mixture leads to an amide linkage between the
amine and the activated carboxylic acid group. The
activation is generally done at low pH (pH ∼ 4.5) because
at this pH the acid is protonated. Biochemists use this
procedure to link biomolecules or to modify biomolecule
surfaces.15 Recently this technique has also been used to
link antibodies and functional groups to inorganic nano-
particle surfaces and also for nanoparticle immobiliza-
tion.16 These protocols involve surface modification of
nanoparticles with bifunctional thiols followed by coupling
of suitable analytes via EDC-mediated bond formation.16

In our case, removal of the bilayer of CTAB around the
gold nanorods and further replacing it with thiol or amine
molecules having a carboxylic acid functionality is a
cumbersome process. Frequently, removal of CTAB leads
to nanorod aggregation. Instead, the simple and versatile
method of coating gold nanorods with polymers as
previously demonstrated by us12c has been used in part
to first coat rods with suitable polymer exposing carboxylic
acid groups, and later attach the amine group of the
biotin-PEO-amine to its surface using carbodiimide
chemistry. This has been shown in Scheme 2.

In our case, the choice of working pH was important to
maintain the stability of gold nanorods. Light scattering
and TEM analysis suggested a small amount of aggrega-
tion for nanorods biotinylated at pH ∼ 4.5, making it less
advisable to work at that pH from a materials point of
view (data not shown for brevity). A compromise was
needed between the low pH requirement for EDC activa-
tion and nanorod aggregation. The beauty of using PAA
is 2-fold. First, it has carboxylic acid groups which can be
used for EDC-mediated amide bond formation with
biotin-PEO-amine; second, because PAA is a weak
polyelectrolyte, it has a pH-dependent ionization profile
for the carboxylic acid moieties. The pH profile of the
ú-potential of the PAA-coated gold nanorods is shown in
Figure 1. At low pH values, the ú-potential of the gold
nanorods is low because fewer of the carboxylic acid groups
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are deprotonated (pKa ∼ 4.5).17a An increase in the pH of
the gold nanorod solution leads to an increase in ú-po-
tential, due to an increase in the degree of ionization of
the carboxylic acid groups of the PAA layer. This pH-
dependent ionization behavior is typical of weak poly-
electrolytes such as PAA (as opposed to strong polyelec-
trolytes such as polystyrenesulfonate, PSS). This has been
observed previously by Caruso, Granick, and others.17

From Figure 1, it is clear that there are un-ionized

carboxylic acid groups in the pH range of 5-6. This pH
range is ideal for our studies, where we do not observe
any pH-related aggregation; also, there is consistent
biotinylation as observed by light-scattering studies.
Hence, for all the experiments, a working pH ∼ 5.5 was
selected.

The polymer coating, biotinylation, and subsequent
streptavidin-mediated aggregation have all been followed
by UV-vis spectroscopy, as shown in Figure 2. The curves

have been shifted vertically for clarity. As mentioned
earlier, the gold nanorods were synthesized by our three-
step seed-mediated protocol.13 This protocol gives fairly
monodisperse gold nanorods with dimensions of 500-600-
nm length and 25-30-nm thickness.13 Along with rods, a
small percentage of short rods, triangles, and spheres are
also produced which have absorbance in the 800-1200-
nm range as observed by us previously.13b To avoid
interference of absorbance due to these secondary shapes
and to analyze the wavelength shifts due to surface
modification and aggregation solely for gold nanorods, we
have primarily investigated the transverse plasmon band
of the gold nanorod (400-600-nm region). We believe that
significant plasmon band shifts can be seen in this region
and could hence be attributed to nanorod surface modi-

(17) (a) Blaakmeer, J.; Bohmer, M. R.; Cohen Stuart, M. A.; Fleer,
G. J. Macromolecules 1990, 23, 2301; (b) Kato, N.; Schuetz, P.; Fery,
A.; Caruso, F. Macromolecules 2002, 35, 9780; (c) Xie, A. F.; Granick,
S. J. Am. Chem. Soc. 2001, 123, 3175.

Scheme 2. Scheme Showing EDC Chemistry for PAA-Coated Gold Nanorods

Figure 1. pH-dependent ú-potential of PAA-coated gold
nanorods.

Figure 2. UV-vis spectra of gold nanorods at different stages
of coating and aggregation. Curve 1: as-prepared purified gold
nanorods; curve 2: gold nanorods after coating with a single
layer of PAA; curve 3: PAA-coated gold nanorods after
biotinylation; curve 4: biotinylated gold nanorods aged 1 h after
addition of streptavidin. The spectra have been vertically shifted
for clarity.
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fication. Curve 1 (Figure 2) shows the spectra of the as-
prepared purified (CTAB removed by centrifugation) gold
nanorods. A transverse plasmon band can be clearly seen
around 505 nm. Upon capping these gold nanorods by a
single layer of PAA, there is a small shift in this band to
508 nm (curve 2, Figure 2). Such small shifts (∼3 nm) in
the plasmon bands have been previously observed inde-
pendently by our and Caruso’s group upon polymer
coating.3g,12b,c These shifts are due to the variation of local
dielectric function of polymer-coated nanoparticles versus
as-prepared nanoparticles. There is a small additional
red-shift upon biotinylation (510 nm; curve 3, Figure 2).
Addition of streptavidin dramatically red-shifts the plas-
mon band (517 nm; curve 4, Figure 2). This indicates
aggregation of gold nanorods mediated by the protein
molecules,2b,4 as confirmed by light scattering and TEM
(see below).

Light scattering coupled with TEM measurements were
used as a measure to determine aggregation, if any, of the
gold nanorods at various stages of surface modification.
Light scattering indicates the effective diameter of the
as-prepared gold nanorods to be ∼38 nm in solution, with
a ú-potential around +30 mV. The positive charge on the
rods is due to the presence of a bilayer of CTAB.11,12c It is
important to note here that the size of the as-prepared
gold nanorods (by TEM measurements) is ∼600 nm in
length and ∼30 nm in thickness.13 On the other hand,
light scattering typically shows an effective diameter of
∼38 nm. The light-scattering analysis assumes that
particles are spherical; hence, the actual sizes determined
by light scattering in our case cannot be taken literally.
Therefore we have used light-scattering measurements
solely to monitor the aggregation kinetics of the gold
nanorods, not to evaluate spatial parameters of the
nanorods.

The effective diameter of the gold nanorods upon coating
with a single layer of PAA reaches ∼40 nm, and the
ú-potential changes to ∼-20 mV (at pH ∼ 5.5). The
negative ú-potential shows successful coating of the gold
nanorods by a layer of PAA. It is important to note here
that a single layer of polystyrene sulfonate (PSS) around
the gold nanorods results in a ú-potential of more than
-50 mV, as shown by us previously.12c A lower ú-potential
in this case is due to a weaker polyelectrolyte (PAA) used
here, which has a pH-dependent ú-potential profile as
shown in Figure 1. Upon biotinylation, the effective
diameter of the gold nanorods reaches a value around 42
nm, and there is no significant change in the charge on
the gold nanorods. TEM analysis of gold nanorods at
differentstageswasalsoperformedtoruleoutaggregation.
These TEM micrographs have been displayed as Sup-
porting Information: Figures S1 (as-prepared gold na-
norods), S2 (PAA-coated gold nanorods), and S3 (bioti-
nylated gold nanorods). In all these cases, the nanorods
are well dispersed without any signs of aggregation. Hence,
a smooth increase in the effective diameter of the gold
nanorods observed by light-scattering measurements
indicates an increase in the hydrodynamic radius of the
particles due to adsorption of different surface modifiers
and not the aggregation of the nanorods.

Light scattering was also used to study the streptavidin-
mediated aggregation of gold nanorods. As mentioned in
the Experimental Section, 20 µL of 1.6 × 10-5 M stock
solution of streptavidin was added to 1 mL of biotinylated
gold nanorods, and the kinetics of aggregation were
monitored by light scattering. It can be seen from Figure
3 (circles) that, as a function of time, the effective diameter
of the gold nanorods rapidly increases and reaches a stable
value. This rapid increase in the size of the nanorods

indicates the formation of a 3-D assembly, as confirmed
by TEM measurements (explained later). As explained
earlier, the actual data values in this curve cannot be
taken literally with regard to the correct sizes of gold
nanorods (initial effective diameter by light scattering ∼
40 nm, initial nanorod size by TEM measurements ∼ 600
nm length, and thickness ∼ 30 nm). Hence, the nature of
the curve observed and the time required for saturation
of the kinetics are the only two factors that would be
meaningful in this case. A better parameter that could be
considered here is the effective increase in the size of the
aggregate upon addition of streptavidin. Simple calcula-
tions on the light-scattering data suggest roughly a 3-fold
increase in the size of the nanorod assembly in the first
minute after addition of streptavidin and about a 30-fold
increase in less than an hour. The growth saturates in
about little more than an hour with the aggregate being
about 36-fold bigger than the individual gold nanorod.
This corresponds to a size of individual aggregate to be
roughly of the order of about 4 µm. Such large aggregates
have been confirmed by TEM measurements (as shown
later).

A control experiment was performed wherein 100 µL of
stock solution of biotin-PEO-amine was added to 1 mL
of PAA-coated gold nanorods. This time, EDC was not
added to the reaction mixture. After storing these rods for
24 h as in other cases, 20 µL of streptavidin was added
to 1 mL of this reaction mixture, and any possible
aggregation was monitored by light-scattering measure-
ments. No aggregation of the gold nanorods due to biotin-
streptavidin interaction is observed. These data are shown
in Figure 3 (squares). This clearly demonstrates the role
played by EDC in biotinylating the PAA-coated gold
nanorods. Furthermore, this also indicates that a mere
electrostatic bond which the amine groups of the biotin-
PEO-amine molecules might possibly form with the
deprotonated carboxylic acid groups of the PAA layer is
not stable enough to promote streptavidin-mediated
nanorod aggregation. It is essential to have a strong amide
linkage between the biotin and the PAA layer to facilitate
streptavidin-directed 3-D assembly.

TEM measurements were performed on the gold na-
norodsuponadditionof streptavidin tovisualize thenature
of the aggregates. Figure 4, parts A-F, shows the TEM
micrographs of the aggregated gold nanorods at different
magnifications.Asmentioned in theExperimentalSection,
TEM samples were prepared by immersing the TEM grids
in nanorod solutions for 10 min and then draining the

Figure 3. Light-scattering aggregation kinetics of gold na-
norods as a function of time after the addition of streptavidin.
Circles: PAA-coated gold nanorods + biotin + EDC; squares:
PAA-coated gold nanorods + biotin (no EDC added).
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excess solution. This method was used (instead of drying
nanorod drop onto TEM grids) to rule out any water-
evaporation-induced arrangement of gold nanorods. All
the samples for TEM were prepared after 1 h of addition
of streptavidin to the biotinylated gold nanorods. The low-
magnification images (Figure 4, parts A and B) clearly
display large aggregates roughly of the size 2-4 µm. This
size agrees well with the light-scattering data discussed
previously. Zooming in different regions of such aggregates
reveals a general trend of side-to-side aggregation of gold
nanorods. This can be clearly seen in micrographs of Figure
4, parts C-F. All these micrographs were recorded from
different regions of the TEM grid to confirm uniformity
of the side-to-side linkages. The reproducibility of such
side-to-side linkages was confirmed by repeatedly checking
the entire process by TEM measurements. It is interesting
to note that the nanorods are not “aggregated” like one
would observe in a typical salt-induced aggregation, but

there is a well-defined separation between such cross-
linked nanorods. This distance was found to be ∼6.5 ( 0.8
nm after inspecting different micrographs of high mag-
nification. This distance coincides with the size of a typical
streptavidin molecule (∼4 nm) plus the length of the biotin
spacer arm (∼2 nm). This clearly suggests that the gold
nanorods are aggregated by streptavidin molecules.

The TEM micrographs at different stages of surface
modification and aggregation were analyzed, and param-
eters such as the number of nanorods assembled side-
to-side and end-to-end, the number of individual nanorods,
and distances between the linked rods were calculated.
This is displayed in Table. 1. For each case, around five
micrographs recorded in different regions of the TEM grid
were studied, and the results were averaged. It can be
clearly seen that for the as-prepared, PAA-coated, and
biotinylated gold nanorods (first 3 rows, Table 1) there is
a high percentage of unlinked (random) rods and a small
percent of assembled nanorods either in the side-side or
end-end fashion.Thedistancesbetweenthegoldnanorods
assembled side-side were measured. Nanorods separated
more than one nanorod diameters (>30 nm) were not
included for analysis because we believe that there might
be no interactions whatsoever between the nanorods at
such distances and could, for all practical purposes, be
considered as randomly distributed nanorods. We would
like to point out that the distances observed between linked
nanorods here are higher than that observed earlier.14a

This might be due to the method used for TEM sample
preparation (drying sample versus removal of excess
sample by suction, as used here). The concentration of
gold nanorods in that case was significantly higher than
that in the case reported herein, leading to concentration-
dependent clustering of gold nanorods upon drying. It is
interesting to note that upon PAA coating, the distance
between the gold nanorods decreases. This might possibly
be due to hydrogen bonding between the protonated
carboxylic acid groups on the nanorod surface. Moreover,
the important point to be noted in this analysis is that the
distances between the assembled rods in the first three
rows of Table 1 are quite different from what one would
observe in a typical biotin-streptavidin aggregate (row
4, Table 1). This clearly supports the concept that
streptavidin cross-links the biotinylated gold nanorods
and supports the aggregation studies.

Conclusions

In this report we have demonstrated a biotin-strepta-
vidin-mediated aggregation of gold nanorods. In one of
our previous publications, we had demonstrated an end-
to-end linkage of gold nanorods mediated by biotin-
straptavidin interaction.8d The disulfide biotin used in
that case could modify the gold nanorod ends and leave
the side faces as-is. Coating the gold nanorods with a layer
of PAA and subsequently attaching biotin-PEO-amine
to the carboxylic acid groups of the PAA layer using
carbodiimide chemistry helps to biotinylate the entire

Figure 4. TEM micrographs of streptavidin-mediated 3-D
assembly of biotinylated gold nanorods at different magnifica-
tions.

Table 1. Parameters Obtained from the Analysis of TEM Images

system
side-side assembly

of nanorods (%)
end-end assembly

of nanorods (%)
random nanorods

(unlinked) (%)
rod-rod distancesa

(for side-side assembled nanorods) (nm)

as-prepared gold nanorods 16.3 ( 15.3 10.2 ( 3.4 72.6 ( 10.5 18.7 ( 5.7 nm
PAA-coated gold nanorods 31.2 ( 12.8 13.3 ( 5.6 56.4 ( 10.6 3.5 ( 2.4 nm
biotinylated gold nanorods 35.3 ( 16.6 16.8 ( 5.8 48.1 ( 7.0 16.3 ( 4.8 nm
biotin-streptavidin reaction

(aggregated gold nanorods)
58.7 ( 2.9 24.3 ( 5.6 17.1 ( 2.8 6.5 ( 0.8 nm

a Nanorods separated more than one nanorod diameters (>30 nm) were not included for analysis.
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nanorodsurface.Subsequent addition of streptavidin leads
to the aggregation of gold nanorods. These aggregated
nanorods show a general trend of side-side linkage with
separation distances comparable to the bridging strepta-
vidin molecule. This aggregation has been confirmed by
light scattering and TEM measurements. Such entire
surface biotinylation of gold nanorods could be useful for
different sensing applications. Attaching nanoparticles,
proteins, viruses, and so forth, to the gold nanorod surface,
either on the nanorod ends or on the entire surface via
specific interactions, is an interesting possibility and is
currently being pursued in our laboratory.
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