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S
urface-enhanced Raman scattering
(SERS) is an alternative to fluores-
cence for ultrasensitive optical

detection.1�3 It greatly amplifies the Raman
signal of analytes adsorbed on a metal sur-
face, particularly at “hotspots” such as junc-
tions or gaps between metal nano-
particles.4,5 The most studied effect of SERS
hotspots is the enhanced local electric field
which gives rise to the enormous SERS en-
hancement; other effects, such as the alter-
ation of SERS fingerprints as reported here,
have not been fully explored.

SERS fingerprints provide highly specific
characterization of the respective analytes.
Combined with the gigantic enhancement
at hotspots, this would lead to powerful
platforms for multiplexed sensing and de-
tection.6 Hence, it is critical to explore the
variability of SERS fingerprints and espe-
cially the unique influence exerted by a
hotspot. The peaks of a SERS spectrum
originate from the various vibrational
modes of an analyte. It is generally ac-
cepted from theoretical perspectives that
the molecular orientation on a metal sur-
face would affect both the electromagnetic
enhancement, which is strongest when a vi-
brational mode aligns with local electric
field (surface selection rule),7,8 and the
chemical enhancement, which is sensitive
to the orbital couplings in a metal�analyte
complex.9 While it is conceivable that
hotspots may exert physical stress on the
trapped analytes, causing alterations in mo-
lecular orientation, few reports docu-
mented the variations of SERS response as
a result of hotspot formation. Indeed, only a
handful of reports studied the dependence
of SERS response on other experimental
conditions10�14 such as the concentration
of an analyte during its adsorption, which

was often interpreted as affecting the mo-
lecular density and thus the orientation.12

The challenges in studying hotspot-induced
SERS variation are inherent in the character-
ization methods, which are so far mostly
based on single-molecule or single-
nanocluster techniques.15,16 The photodam-
age of analytes17 and the blinking of single-
molecule SERS,3,16 in particular, add to the
ambiguities in assigning the origin of spec-
tral changes.

Notably, the inadequate capability in
fabricating uniform and consistent SERS
hotspots has limited the development of
both single-molecule and ensemble stud-
ies. So far, most of the studies generated
hotspots by salt-induced aggregation or
chemical linking of metal nano-
particles,3,18�20 which inevitably led to a
mixture of nanoclusters of various sizes and
structures. While this nonuniformity
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ABSTRACT The most studied effect of surface-enhanced Raman scattering (SERS) hotspots is the enormous

Raman enhancement of the analytes therein. A less known effect, though, is that the formation of hotspots may

cause the trapped analytes to change molecular orientation, which in turn leads to pronounced changes in SERS

fingerprints. Here, we demonstrate this effect by creating and characterizing hotspots in colloidal solutions.

Anisotropically functionalized Au nanorods were synthesized, whereby the sides were specifically encapsulated

by polystyrene-block-poly(acrylic acid), leaving the ends unencapsulated and functionalized by a SERS analyte, 4-

mercaptobenzoic acid. Upon salt treatment, these nanorods assemble into linear chains, forming hotspots that

incorporate the SERS analyte. Enormous SERS enhancement was observed, particularly for some weak/inactive

SERS modes that were not present in the original spectrum before the hotspots formation. Detailed spectral

analysis showed that the variations of the SERS fingerprint were consistent with the reorientation of analyte

molecules from nearly upright to parallel/tilted conformation on the Au surface. We propose that the aggregation

of Au nanorods exerts physical stress on the analytes in the hotspots, causing the molecular reorientation. Such a

hotspot-induced variation of SERS fingerprints was also observed in several other systems using different analytes.
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among the individual nanoclusters is not a major issue
for single-nanocluster studies, it poses additional chal-
lenges in interpreting the origin of any spectral varia-
tions, even if observed. Most recently, significant ad-
vances have been made in fabricating more uniform
nanostructures,17,21�26 and this provides new opportu-
nities for characterizing the chemical and physical ef-
fects within the unique environment of hotspots.

Herein, hotspot-induced transformation of SERS re-
sponse was characterized and analyzed. The specific en-
capsulation of the sides but not the ends of Au nano-
rods (NRs) allowed us to construct consistent hotspots
by linear aggregation (Figure 1m).27 This structural fea-
ture helped to localize the analytes and to pinpoint
the location of SERS response in the event of hotspot
formation. A dramatic change in the SERS fingerprint

was observed when 4-mercaptobenzoic acid (1) was
trapped in the hotspots (Figure 1i vs 1h). On the basis
of detailed spectral analysis, we proposed that this phe-
nomenon was due to the orientation change of 1, pos-
sibly induced by the physical stress associated with
hotspot formation. Such hotspot-induced effect could
be quite general as it was observed for several other
analytes.

We focused our study on colloidal systems;28,29 all
Raman spectra reported here were collected from
sample solutions in quartz cuvetts using 785 nm LED la-
ser at 290 mW, typically averaged over 30 s for each
spectrum. Thus, the SERS responses from a collection
of nanoparticles were studied, and this approach aver-
ages out the inhomogeneity in the SERS of analyte mol-
ecules. Most importantly, the dynamic diffusion of nano-

Figure 1. SERS spectra of (a) AuNSs incubated with 1 at room temperature; (b) sample a after further incubation at 60 °C
for 3 h; and (c) sample b after the aggregation induced by 0.044 M NaCl and 2.95 M NaOH. (d�f) Schematic illustrations of
the surface ligands corresponding to a�c. The scheme was for illustration purposes; in reality, the ligands could form denser
packing than illustrated and those in e could be slightly tilted owing to intermolecular van der Waals interactions. (g) Ra-
man spectrum of 50 mM 1 in 5 M aq NaOH; (h) SERS spectrum of aniso-(1�3-AuNR)@PSPAA; (i) SERS spectrum of sample h af-
ter the salt-induced linear aggregation and the purification to remove the salts (the aggregates were redispersed in the
same volume of water); (j) absence of SERS in linearly aggregated aniso-(2�3-AuNR)@PSPAA; (k) SERS spectrum of sample
j after incubation with 1 at 60 °C for 24 h; (l and m) TEM images of aniso-(1�3-AuNR)@PSPAA and their linear aggregates; and
(n) schematics showing the structure of aniso-AuNR@PSPAA. Spectra are offset for clarity.
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clusters in and out of the laser focal point during SERS
measurements minimizes the exposure of any particu-
lar nanocluster, and the photothermal energy at the
hotspots could be quickly dissipated to the surround-
ing media. These features minimize the photodamage
of analytes, particularly for those in the hotspots under
a very high electromagnetic field. In fact, in all of our
colloidal SERS measurements, we did not observe any
spectral changes as a result of prolonged laser
irradiation.

RESULTS AND DISCUSSION
It was initially noticed that when 1-coated Au nano-

spheres (1-AuNSs) were aggregated, the SERS peaks
were not enhanced equally by the hotspot formation
(Figure 1b,c), with prominent changes occurring at 715,
998, and 1124 cm�1. Since these peaks were often ab-
sent or very weak in the SERS of 1,30�32 it appears that
there were other effects at work, in addition to the lo-
cal field enhancement at hotspots. Detailed study
showed that the peaks already existed, though in low
intensity, when 1 was simply incubated with 98 nm
AuNSs at room temperature (Figure 1a), but they mostly
disappeared after incubation at 60 °C for 3 h (Figure
1b). The large size of AuNSs used here helped in reveal-
ing the low-intensity peaks.

Previously, 1 and similar compounds were studied
in detail on bulk Au substrates.30�33 The SERS of 1 typi-
cally includes the ring breathing modes at 1069 and
1575 cm�1 and the COO� stretching mode at 1385
cm�1,30�32 which are characteristic of 1 bonded on a
Au surface through the thiol group in a nearly upright
conformation.30 The 715 cm�1 peak was assigned to an
out-of-plane CCC-bending mode, which does not align
with the surface normal (i.e., the direction of local elec-
tric field) if 1 is in an upright conformation. On the ba-
sis of the surface selection rule, the appearance of this
peak is an indication for tilted/parallel conformation of
1.31 The peaks at 998 and 1124 cm�1 may be enhanced
by strong surface�� conjugation; they are almost iden-
tical to the in-plane vibrations of the phenyl ring in the
SERS of 1,4-benzenedithiol,34,35 which was known to at-
tach parallel on a metal surface via both thiol groups.
It has been previously suggested that the parallel con-
formation facilitated the surface�� conjugation, which
strongly enhanced the two peaks.35 Therefore, the pres-
ence of the three peaks at 715, 998, and 1124 cm�1 in
Figure 1a suggested that some molecules of 1 were in
tilted/parallel conformation. A small percentage of such
defects are expected for 1-AuNSs prepared at room
temperature (Figure 1d). After the incubation at 60 °C,
the three peaks reduced in intensity (Figure 1b), indicat-
ing the removal of most of the defect sites and the
packing of 1 in predominantly upright conformation
(Figure 1e).36

The 1-AuNSs in samples 1a and 1b (of Figure 1a
and 1b) were not aggregated based on the single ab-

sorption peak at 550 nm in UV�vis�NIR absorption
spectra (see Supporting Information); upon NaCl addi-
tion the increased absorbance at longer wavelength
(800�1000 nm) suggested significant aggregation of
the 1-AuNSs. After the aggregation, the three SERS
peaks at 715, 998, and 1124 cm�1 reappeared (Figure
1c); compared to the other peaks in Figure 1b, the en-
hancement of the three peaks was slightly more pro-
nounced. However, the spectral difference between
Figure 1b and 1c was too small to provide mechanistic
insights. Although one could argue that the specific en-
hancement of the three peaks could be attributed to
the formation of tilted 1 (Figure 1f), it is also possible
that the enhancement of a small number of remaining
tilted 1 by hotspots could be solely responsible. Fur-
thermore, in the random aggregates there exist a vari-
ety of SERS hotspots with different structures. It is diffi-
cult to attribute the spectral changes to a specific
structural feature. Therefore, we adapted a new nano-
fabrication method to further explore this
phenomenon.

Recently, we reported the anisotropic encapsula-
tion of AuNRs by polystyrene-block-poly(acrylic acid)
(PSPAA).27 This was realized by virtue of competitive
ligand adsorption,27,37 in which the hydrophobic ligand
(such as 2-dipalmitoyl-sn-glycero-3-phospho-
thioethanol, 3, Figure 1n) ended up on the sides of the
AuNRs and embedded in the polymer shell, whereas
the hydrophilic ligand (such as 1) localized on the ends
and was exposed to the solution (Figure 1l and 1n, de-
noted as aniso-(1�3-AuNR)@PSPAA). Here, 1 is SERS-
active while 3 is virtually SERS-inactive. The SERS spec-
trum (Figure 1h) is consistent with SERS of 1 in a nearly
upright conformation30,31 and is also similar to the ordi-
nary Raman scattering of 1 in aq NaOH (Figure 1g).

The aniso-(1�3-AuNR)@PSPAA particles were in-
duced to aggregate in concentrated NaCl and NaOH,
and then they were purified in water to remove the salt.
As the PSPAA micelles are resistant to aggregation un-
der such conditions,24 the unique core/shell structure of
aniso-(1�3-AuNR)@PSPAA dictated the linear arrange-
ment of the AuNRs (Figure 1m). The additional absorp-
tion peak centered at 888 nm after the aggregation
(Figure 2b) is significantly red-shifted from the longitu-
dinal plasmon peak of nonaggregated AuNRs (673 nm,
Figure 2a). It could be attributed to the plasmon cou-
pling along the linear chains. Thus, both the TEM im-
age and particularly the UV�vis�NIR absorption spec-
tra support the formation of linear chains in solution.

After the aggregation, SERS analyte 1 is localized at
the area that made up the hotspots, highlighting the
distinctive spectral response therein. The SERS spec-
trum underwent dramatic transformation (Figure 1i)
compared to that of the nonaggregated sample (Fig-
ure 1h). Since the spectrum did not vary as a function
of time, the aggregation-induced spectral change was
likely not caused by inhomogeneity in the SERS re-
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sponse from molecules in hotspots. All peaks increased

in intensity except the 1069 cm�1 peak, and the most

pronounced changes occurred at 715, 998, and 1124

cm�1, where the peaks were initially barely

observable.30�32 As discussed above, the presence of

the three peaks is an indication for the formation of

tilted/parallel 1 on Au surfaces, which may arise from

the physical stress in the hotspots. This argument is rea-

sonable considering that the AuNRs were probably un-

der similar forces in forming the linear aggregates. Un-

like the case discussed above, however, the much

stronger enhancement of the three peaks here cannot

be solely explained by the field enhancement at

hotspots. In addition, there was probably a significant

increase in the percentage of tilted 1 in the hotspots.

The combination of both effects gave rise to the excep-

tional enhancement. In contrast, although the SERS of

upright 1 was also greatly enhanced by the hotspots,

the decrease in the number of such molecules counter-

acted and led to weaker peak intensities. Had the num-

ber of upright 1 remained unchanged, the ring breath-

ing modes (1069 and 1575 cm�1) aligning with the
local electric field would have been greatly enhanced
by the hotspots.

It should be noted that the packing of 1 on the Au
surface could possibly make the surface molecules
slightly tilted relative to the surface normal, in order to
maximize the van der Waals interactions among them.
The tilting of a long alkanethiol in a self-assembled
monolayer on a Au surface was known to be pro-
nounced.36 But in our system, since Figure 1b showed
only very weak peaks that could be attributed to tilted
1, it is unlikely that the slight tilting of 1 could contrib-
ute significantly to the SERS spectra.

On the other hand, the local field intensity between
the AuNRs should be strongest at the contact point,
where the gap distance is the shortest.5,18 The lengthen-
ing of the AuNRs along the longitudinal direction fur-
ther enhanced the coupling between the AuNRs and
thus the field intensity at the contact points.5,18,38 Hence,
the tilted molecules at hotspots were favorably en-
hanced, and this explains the dramatic spectral changes
(Figure 1h,i) in this particular system. The molecular re-
orientation from nearly upright to tilted/parallel confor-
mation probably only occurred in the very small area
at the contact point between the ends of neighboring
AuNRs, as opposed to, for example, inside a trigonal
cavity of a random aggregate of NSs. The rest of the
SERS peaks are also consistent with our explanation.
The enhancement of COO� vibrational modes31 at 844
and 1385 cm�1 could be partially attributed to the local
field enhancement at hotspots.5 Moreover, the proxim-
ity of carboxylic groups to the Au surface (e.g., of neigh-
boring AuNR, Figure 1f) may lead to chemical enhance-
ment via bond formation.39 The 1232 cm�1 peak, being
a C�O stretching mode,40 was probably enhanced by a
similar mechanism.

In randomly aggregated 1-AuNSs, the SERS response
from hotspots was not favorably enhanced. SERS en-
hancement generally increases with the size of nano-
particle/nanocluster. But random aggregation of the
1-AuNSs could not create large structures without en-
closing the resulting hotspots. The hotspots inside the
nanoclusters should not contribute much to the over-
all SERS spectrum, as both the incident radiation and
the SERS response could be attenuated by the absorp-
tion and scattering of the neighboring AuNSs. In addi-
tion, the analyte 1 coats the entire surface of the nano-
clusters, including the inner surface of the cavities. On
large nanoclusters, the SERS contribution from the un-
stressed surface analytes could be quite significant. This
is in contrast to the aniso-AuNR@PSPAA that formed ex-
tensive plasmon coupling in only one dimension. Thus,
it is understandable that the changes of SERS finger-
print for the randomly aggregated 1-AuNSs (Figure 1c)
were less dramatic than that of the AuNR case above.

To pinpoint the location of SERS response, control
experiments were carried out. Dimethylamine (2) and

Figure 3. SERS spectra of (a) aniso-(2�3-AuNR)@PSPAA after incubation with
4; and (b) sample a after salt-induced aggregation, i.e., linear chains of aniso-
(4�3-AuNR)@PSPAA; (c and d) TEM images of the samples a and b.

Figure 2. UV�vis�NIR absorption spectra of (a) aniso-(1�3-
AuNR)@PSPAA, and (b) sample a after salt-induced aggrega-
tion and the subsequent purification, i.e., linear chains of
aniso-(1�3-AuNR)@PSPAA.
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3 were used as competing ligands to prepare aniso-
(2�3-AuNR)@PSPAA. Both 2 and 3 are virtually SERS-
inactive, and 2 is a weaker ligand than 1. Thus, the NRs
could be linearly assembled (similar to Figure 1m and
Figure 2b, see Supporting Information) with no obvious
SERS peaks (Figure 1j). After the aggregates were puri-
fied and redispersed in water, the sample was incu-
bated with excess 1 to replace 2. The appearance of
the SERS peaks of 1 (Figure 1k) thus indicated success-
ful ligand exchange in the preformed linear chains.
Specifically, 2 should attach to the unencapsulated ar-
eas at/between the ends of AuNRs. However, the spec-
trum resembled that of nonaggregated aniso-(1�3-
AuNR)@PSPAA and did not show noticeable intensity
at 715, 998, and 1124 cm�1 (Figure 1k). Hence, it is clear
that the analytes at the exchangeable positions do not
contribute to the new peaks. Considering the curved
ends of AuNRs, there should exist some exchangeable
positions near (but not inside) the contact point. Ana-
lytes at such positions are expected to be significantly
enhanced.4,22,23,26 The molecules trapped inside the con-
tact area should not be exchangeable as it would re-
quire considerable energy to overcome the physical
stress, and on the other hand, the preexisting hotspots
would unlikely exert any stress on the incoming ligands
at the exchangeable positions outside the contact area.
Therefore, this control experiment provides additional
support that the new spectral features of Figure 1i arose
from the contact points between the AuNRs. The dra-
matic transformation of the SERS fingerprint in Figure
1i cannot be attributed to the linear chains of AuNRs,
but should be attributed to molecular reorientation in-
side the hotspots.

We studied other analytes to explore the generality
of this phenomenon. A SERS-active ligand, 5,6-
dimethyl-1,10-phenanthroline (4), is slightly soluble in
water and can exchange for 2 in aniso-(2�3-
AuNR)@PSPAA (Figure 3c),29 possibly with an edge-on
conformation on the ends of AuNRs through Au�N
bonds.41 The resulting SERS spectrum (Figure 3a) is con-
sistent with that of 4 on nonaggregated AuNRs (see

Supporting Information). After the salt-induced linear
aggregation (Figure 3d), significant spectral changes
were observed (Figure 3b). Similar to the previous cases,
the enhancement was not equal for all peaks. Specifi-
cally, new peaks appeared at 933 and 1071 cm�1, and
the peaks at 650, 1145, 1280, and 1439 cm�1 were sig-
nificantly enhanced. In contrast, the peak at 841 cm�1

barely changed. Since 4 is not a common SERS analyte,
the exact peak assignment is not available in the litera-
ture. Nevertheless, the significant change in the SERS
fingerprint was likely due to the reorientation of 4 un-
der stress in hotspots.

In addition, 4-aminothiolphenol (5) was employed
as analyte for its similar molecular structure as that of
1. As-synthesized AuNRs42 (aspect ratio of �2.5, length
� 55.6 � 2.6 nm, and diameter � 22.3 � 3.4 nm) were
purified to remove the excess hexadecyltrimethylam-
monium bromide (CTAB) and then used directly as SERS
enhancer, as we were not able to incorporate the posi-
tively charged 5 in partially encapsulated AuNR@PSPAA
nanoparticles. After incubation of the purified AuNRs
with 5 (5-AuNRs), the resulting SERS spectrum (Figure
4a) showed characteristic peaks of 5 in nearly upright
conformation43,44 indicating the successful exchange of
CTAB by 5. In the UV�vis spectrum, the plasmon ab-
sorption peaks were only slightly red-shifted (Figure
4d), suggesting absence of aggregation.

Upon NaCl addition, a broad absorption shoulder
at 800�1200 nm (Figure 4e) indicated serious aggrega-
tion of the 5-AuNRs. Although the randomly aggre-
gated 5-AuNRs probably did not favorably enhance
the molecules trapped at the hotspots, the resulting
SERS spectrum resembled that of 1. The prominent
peaks at 715, 1002, 1076, 1139, 1168, and 1588 cm�1

in Figure 4b have corresponding peaks in the SERS
spectrum of 1 (Figure 1). While the two sets of
aggregation-induced SERS features coincided, the de-
tailed assignment of these peaks for 130�32 and 543�45 in
the literature differ slightly, particularly regarding peaks
at 1002 and 1076 cm�1. Nevertheless, the assigned
peaks are generally consistent with the hotspot-

Figure 4. SERS spectra of 5-functionalized AuNRs (a) and their aggregates (b); and UV�vis�NIR absorption of as-synthesized
AuNRs (c), 5-AuNRs (d), and aggregates of 5-AuNRs (induced by addition of NaCl) (e) .
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induced reorientation hypothesis discussed above. An-
alyte 5 has both �SH and �NH2 groups that could co-
ordinate to the Au surface, rendering the molecule fa-
vorable for attaching in parallel conformation. Among
the originally silent modes of 5 that turned into strong
peaks after the aggregation, the peaks at 1139, 1390,
and 1435 cm�1 were assigned as b2 modes of 5.43 The
specific enhancement of the b2 modes was previously
observed when 5 was incorporated in AgNS-5-AuNR
sandwich nanostructures (compared to the SERS of
5-AuNR), and it was attributed to charge transfer be-
tween metal and 5 (chemical enhancement).45 The dif-
ference between the AgNS-5-AuNR and 5-AuNR is likely
the hotspot-induced orientation change of the analyte
molecules. The peaks at 638 and 1588 cm�1 were as-
signed as in-plane modes of 5;44 they remained nearly
unchanged after the aggregation. This is consistent
with molecular reorientation of 5 from nearly upright
to tilted/parallel conformation.

SUMMARY
The ensemble-averaged characterization of colloi-

dal nanostructures avoids the problems associated
with SERS “blinking” and minimizes photodamage of
analytes. In our system, the synthesis of structurally
well-defined colloidal hotspots allows the localization
of SERS analytes and the isolation of the effects from
within the hotspots. In addition, the linear arrangement
of AuNRs specifically magnifies the SERS response at
hotspots. Under such optimized conditions, a dramatic
transformation of the SERS fingerprint was unambigu-
ously demonstrated. While this phenomenon could be

less pronounced in other systems, it should be quite

general considering the surface selection rule and also

the generality of stress-induced orientation change of

surface molecules. In this report, we provide three cases

using different analytes and different hotspots to dem-

onstrate the phenomenon. In the literature, there was

at least one reported case where a change of the SERS

fingerprint was associated with salt-induced aggrega-

tion,46 although it was only briefly mentioned without

detailed study.

However, it should be noted that not all SERS ana-

lytes showed significant change in fingerprint upon

hotspots formation. For example, a hydrophobic ligand

2-naphathlenethiol in the hotspots of silver nano-

spheres did not show such a phenomenon.47

To employ hotspots for ultrasensitive SERS detec-

tion, understanding the variability of SERS response is

of great significance. Without such knowledge, SERS fin-

gerprints could be misinterpreted and the enhance-

ment factor at hotspots could be wrongly estimated.

For example, the enhancement factor based on the 998

cm�1 peak in Figure 1 would be wrong if we did not ac-

count for the population change of upright versus tilted

molecules. The correlation of SERS response with mo-

lecular orientation is of fundamental significance; fur-

ther studies are imperative to fully understand the un-

derlying mechanisms and theories. Our unique system

allows us to attribute the transformation of SERS finger-

print specifically to the formation of hotspots; it also

provides a platform to further explore SERS responses

from hotspots.

MATERIALS AND METHODS
Materials. All chemical reagents were used without further pu-

rification. 4-Mercaptobenzoic acid 90% (tech) (1) and hexadecyl-
trimethylammonium bromide (CTAB) were purchased from
Sigma Aldrich; 2-dipalmitoyl-sn-glycero-3-phosphothioethanol
(sodium salt) (3) was purchased from Avanti Polar Lipids; dime-
thylamine (2), 5,6-dimethyl-1,10-phenanthroline (4),
4-aminothiolphenol (5), 2-phenyl-1-ethanethiol, sodium citrate
dihydrate, and hydrogen tetrachloroaurate (III) hydrate 99.9%
(metal basis Au 49%) were purchased from Alfa Aesar; am-
phiphilic diblock copolymers polystyrene-block-poly(acrylic acid)
PS144-b-PAA28, Mn � 15000 for the PS block and Mn � 1600 for
the PAA block, Mw/Mn � 1.11 and polystyrene-block-poly(acrylic
acid) PS154-b-PAA60, Mn � 16000 for the PS block and Mn � 4300
for the PAA block, Mw/Mn � 1.15 were purchased from Polymer
Source Inc.; 200 mesh copper specimen grids with Formvar/car-
bon support film (referred to as TEM grids in text) were pur-
chased from Electron Microscopy Sciences. Ultrapure water with
resistivity �18 M� · cm�1 was used for all experiments.

Charaterization. TEM images were collected from JEM-1400
transmission electron microscopy operated at 120 kV. All Ra-
man spectra were collected from colloidal nanoparticle samples
in a cuvette (path length � 1.00 cm) on an R-3000HR spectrom-
eter (Raman Systems, Inc., R-3000 series) using red LED laser (	 �
785 nm); acquisition times are 30 s for all spectra. UV�vis�NIR
absorptions were carried out using a UV-3600 SHIMADZU
UV�vis�NIR spectrometer.

Preparation of TEM Sample. (NH4)6Mo7O24 · 4H2O (3.4 mM in H2O)
was used as stain to enhance the contrast of polymer in all TEM

images; the polymeric micelles appear white against the stained
background. To improve the hydrophilicity, TEM grids were ex-
posed in oxygen plasma for 1 min in a Harrick plasma cleaner/
sterilizer. TEM grid was then placed in contact with the stained
solution through the hydrophilic face. The excess solution on the
TEM grid was wicked off by a filter paper, followed by drying in
air for 5 min.

Synthesis and Encapsulation. AuNSs of 98 and 60 nm48 and AuN-
Rs42 (aspect ratio of �2.5, length 55.6 � 2.6 nm, and diameter
22.3 � 3.4 nm) were prepared by modified syntheses following
the literature reports. The methods for polymer encapsulations
were based on our previous reports with some
modifications.27,28,37,49,50

Preparation of 1-AuNSs. A 1.5 mL portion of citrate-stabilized
AuNSs (98 nm) was concentrated to 10 
L by centrifugation at
2900g for 10 min, and then incubated in 1.1 mL solution of 1 (20
mM) and NaOH (3 M). After 8 h, the sample was used for Ra-
man characterization (Figure 1a). The same sample was then in-
cubated at 60 °C for 3 h (Figure 1b). The large AuNSs were in low
concentration (1.33 � 10�11 M) and not prone to aggregation. Fi-
nally, 10 
L of aq NaCl (5 M) was added to this sample at room
temperature to induce aggregation. SERS characterization was
carried out after 2 h (Figure 1c).

Synthesis of aniso-(1�3-AuNR)@PSPAA. The aniso-(1�3-
AuNR)@PSPAA were synthesized by the self-assembly of PS144-b-
PAA28 on AuNRs in the presence of 1 and 3.27 In detail, the as-
synthesized AuNRs (1.5 mL) was concentrated by centrifugation
at 8100g for 10 min, and the supernatant was removed. The con-
centrated AuNRs solution (about 15 
L) was diluted with water
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to 1.5 mL and centrifuged again to further remove the excess
CTAB. The deep green solution (15 
L) collected was then di-
luted to 250 
L by water. A 750 
L DMF solution was prepared
by mixing PS144-b-PAA28 (80 
L, 8 mg/mL in DMF) with DMF (670

L), followed by the addition of 1 (20 
L, 2 mM in ethanol). Af-
ter mixing this solution with the AuNRs solution, ligand 3 (40 
L,
2 mg/mL in EtOH) was finally added. The mixture was heated at
110 °C for 2 h and then gradually cooled in an oil bath until room
temperature. After that, two tubes of 200 
L as-synthesized
aniso-(1�3-AuNR)@PSPAA were diluted to 1500 
L with water,
respectively, concentrated to about 8 
L by centrifugation at
8100g for 10 min, and combined together. The combined aniso-
(1�3-AuNR)@PSPAA was redispersed in 1.1 mL of DI water for
the SERS characterization (Figure 1h). To prepare the linear ag-
gregates, two tubes of 200 
L of as-synthesized aniso-(1�3-
AuNR)@PSPAA were concentrated by centrifugation (8 
L each)
and combined, followed by incubating overnight with 5 
L of
NaOH (10 mM) and 5 
L of NaCl (1 M). Then, the sample was di-
luted to 1.5 mL, centrifuged to remove the supernatant, and re-
dispersed in 1.1 mL of water for further characterization (Figure
1i,m). The aniso-(2�3-AuNR)@PSPAA particles were synthesized
and linearly aggregated using the same method (see Supporting
Information for details). After the purification of aniso-(2�3-
AuNR)@PSPAA linear chains in water, they were incubated with
1 (0.036 mM in H2O) in 1.1 mL of basic solution (0.1 mM NaOH) at
60 °C for 24 h. The sample was concentrated by centrifugation
to remove the supernatant and then redispersed in 1.1 mL of wa-
ter for SERS characterization (Figure 1k).

Ligand Exchange of 2 by 4 in aniso-(2�3-AuNR)@PSPAA. The ligand ex-
change of aniso-(2�3-AuNR)@PSPAA was carried out by incubat-
ing them with 4 and NaOH (0.714 mM) at room temperature. Af-
ter 24 h, the sample was purified to remove the supernatant
and then redispersed in 1.1 mL of water for SERS characteriza-
tion (Figure 3a). This sample was concentrated by centrifugation
(to about 40 
L) and incubated with 10 
L of NaOH (10 mM)
and 10 
L of NaCl (1 M). The resulting linear aggregates were pu-
rified to remove the supernatant and redispersed in 1.1 mL of
water for SERS characterization (Figure 3b).

Preparation of 5-AuNRs and Their Aggregates. A 1.5 mL portion of
AuNRs was repeatedly purified to remove the large excess of
CTAB as demonstrated above. The isolated AuNRs were topped
up to 1 mL, and then ligand 5 (10 
L, 10 mM in ethanol) was
added. After 3 h incubation, the solution was used for Raman
and UV-vis-NIR absorption characterization. Aggregation of
5-AuNRs was induced by adding 35 
L of NaCl (2.5 M). Further
characterizations were carried out after 10 min reaction.
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