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Surface-enhanced Raman scattering (SERS), as a vibrational
spectroscopic technique, holds great potential for molecular
diagnostics and biomedical imaging, which under optimal
conditions enables highly sensitive detection and high-
resolution imaging."® The SERS technique has several advan-
tageous properties, such as having efficient single photoexci-
tation, narrow bandwidth of <1 nm, high signal-to-noise ratio,
and non-photobleaching features.’ Despite its emerging appli-
cations in sensing and bioimaging, SERS has still fallen behind
other optical methods, such as fluorescence spectroscopy with
organic dyes or quantum dots.'*** The most critical reason for
the lag is that the direct synthesis of robust SERS nanoprobes
(also called as “SERS tags”) with bright, stable SERS signals and
biofunctionality remains highly challenging.”® Ideally, SERS
probes intended for analytical use should (i) provide large,
uniform and stable SERS signal, (ii) be amenable for intro-
ducing Raman reporter molecules as SERS-active tags and (iii)
be facilely biofunctionalized with specific molecular recogni-
tion units (e.g., antibody, functional DNA for targeting specific
biomamkers)."* Thereafter, to design the robust SERS nanop-
robes with combinatorial capabilities is a worthy goal to pursue
for effective detection and bioimaging applications.

Typically, most of the SERS nanoprobe designs reported to
now involve single plasmonic nanostrucutre uniformly fixed
with Raman reporters. For instance, optically tunable SERS
substrates (e.g., nanostars, nanorods and core-shell nano-
strucutres, etc.) have been developed to create SERS-active hot
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provide improved Raman enhancement, and simultaneously introduce Raman reporters and DNA onto
nanoparticles whilst retaining their SERS activity and bio-recognition ability.

spots and then to directly adhere Raman molecules onto the
surface.’®'® However, this approach might offer enhanced SERS
signal, whereas suffer from poor stability due to desorption or
degradation of the Raman reporter. Coating with silica could
improve stability and unfortunately result in significant weak-
ening on SERS activity. Aiming to tackle these problems,
another type of SERS nanotag was recently proposed by using
interior nanogaps in core-shell nanostructures to embed
Raman moloecules.” The nanogap type-SERS nanoprobes
can provide large uniform Raman enhancement and keep the
stability of Raman reporters,” however, they still lack the
biocompatibility and biofunctionality, which need further
functionalization of bioactive probes on gold shells even using
poly-adenine (polyA) to mediate the synthesis probe as Fan's
group reported.”” Therefore, current critical techniques still
remain challenging in simultaneously forming high SERS-active
nanostructure, encoding Raman tags, as well as functionalizing
with bioactive molecules.

According to our previous studies,*?* DNA can be used as
the shape-controlling agent during growth process of nano-
particles, thereby influencing both the structure and function of
nanomaterials. In the present work, we demonstrated that the
combination of DNA and typical Raman dye (Rhodamine B,
RhB) can synergistically fine tune the gold nanoparticles (GNPs)
into a uniform gold flower-like nanoparticles (defined as gold
nanoflowers, GNFs) in a one-pot synthesis (Scheme 1). More-
over, the RhB molecule were found to be efficiently anchored
onto the as-prepared GNFs, resulting in a stable and enhanced
Raman signature. More importantly, the partial DNAs can be
stably embedded to the GNFs and keep their bio-recognition
ability.

To synthesize these SERS nanoprobes, seed-mediated
synthesis methods were used according to our previous
reports with modification.” Typically, DNA with a homo-
oligomer of 20 adenine deoxyribonucleotides (called as A20, 1
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Scheme 1 Synthesis of DNA-anchored SERS nanoprobe encoded
with Raman reporter using one-pot overgrowth on nanoseeds. Gold
nanospheres were mixed with single-stranded DNA (ssDNA) and
Rhodamine B before adding gold precursor and reductants into the
solution.

uM) and model organic dye, RhB (10 pM) were firstly sequen-
tially incubated with purified gold nanosphere seeds (GNSs, 0.5
a.u.) in a total volume of 300 pL at room temperature. After
incubation for 2 hours, a mild reducing agent, hydroxylamine
(NH,OH, 400 mM), and a gold precursor, hydrogen tetra-
chloroaurate(m) (HAuCl,, 1%), were added to initiate particle
growth with fiercely shakening. These procedures resulted in
different color-changed solution and UV-vis absorbance spectra
(Fig. 1). In the absence of A20, the procedure led to visible
precipitate at the bottom of the tube, as shown the lighter color
of solution than original GNS and the appearance of a weak and
blue-shifted localized surface plasmon resonance (LSPR) peak
at 560 nm, which further illustrated the formation of unstable
large clusters with irregular shapes (Fig. 1).

In contrast, the presence of only A20 or the mixture of A20
and RhB transformed the solution from light pink to purple,
because the LSPR peak was broaden and red-shifted to 630 nm
with a significantly increased absorbance intensity (Fig. 1). The
latter case of resulted solution also show the appearance of
the featured peak of RhB at 560 nm even with the thorough
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Fig. 1 (a) The color and (b) UV-vis spectra of purified gold nano-
spheres (GNS) and GNS with overgrowth mediated by A20 and RhB
(GNS_g(A20 + RhB)), as well as by only A20 (GNS_g(A20)) or (d) RhB
(GNS_g(R20)).
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removing of the free RhB molecules by centrifugation, which
will be dictated more details later. Transmission electron
microscopy (TEM) image showed the formation of uniformly
flower-like nanoparticles, under the incubation of only A20
(Fig. 1b), which coincided with our previous reports. Whereas,
in the presence of A20 and RhB under the concentration of 1 uM
and 10 pM respectively, it also showed surface-roughened and
flower-like nanostructures, with much rougher surface. On the
other hand, if in the absence of A20 or RhB, GNS grew into
microsized gold agglomerations and had irregular shapes.
These results strongly suggest that the sequential addition of
A20 and RhB played a significant role in controlling the
morphologies of the nanoparticles during synthesis (Fig. 2).
Along with the above observation, the combination of RhB
and A20 could resulted in the relatively rough flower-like
nanoparticles. Thereafter, a critical question is whether the
RhB also involved in controlling the morphological evolution of
GNSs or not. To understand the role of RhB during the nano-
particle overgrowth, we fixed the A20 concentration and then
varied the concentration of the RhB ranging from 1 uM to 100
uM. Noted the resulted nanoparticles solution showed an
increasing pink color (Fig. Slat), which is from the intrinsic
color of RhB. Whereas, after removing the free RhB, the color of
resulted nanoparticle solutions were close to the case of
GNS_g(A20) (Fig. S1bt), indicating their rough and flower-like
nanostructures. As shown by TEM imaging (Fig. S2at), when
the RhB was relatively low (10 uM), the nanoflower shape did
not change much from those grew with merely A20. At very high
RB concentration (100 uM), the GNSs were overgrown and lost
their regularity in shape, resulting in stick-like nanostars
rougher and branching structure (Fig. S2bt). On the other hand,

GNS_g(RhB) |

GNS_g(A20)

Fig.2 Typical TEM images of (a) gold nanospheres (GNS) and (b) GNS
with growth mediated by A20 and RhB (i.e., GNS_g(A20 + RhB)), as well
as by only (c) A20 (i.e., GNS_g(A20)) or (d) RhB (i.e., GNS_g(RhB)). The
scale bar is 20 nm.
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the synthesized nanoparticles with higher concentration of RhB
were much less stable and tended to aggregate much more
readily than those synthesized with low concentration, possi-
bility due to a weaker stabilization with RhB. The UV-vis spectra
also proves the argument. (Fig. S3f). Upon increasing the
concentration of RhB (<100 uM), the LSPR peak gradually blue
shifted to 700 nm with increasing broad peak and absorbance
intensity. In contrast, for growth solution containing 100 pM
RhBs, the LSPR peak was continuously blue-shifted, but the
absorbance decreased, indicating the less stable of the resulted
nanoparticles. These results indicated that the A20 and RhB in
our system co-mediated the growth of GNS, showing a syner-
gistic shaping effect. As we previously reported,”® the growth
mode in DNA-controlled seed-mediated growth system is
dependent on the binding affinity between DNA with gold. We
suppose that the existence of RhB will change the DNA density
on gold seeds by increasing the RhB concentration during the
growth, even for the RhB molecules with weak affinity on gold
surface. A more detailed study on the mechanism is still under
way. In order to ensure that the morphology of Raman probes
are controlled by both DNA and RhB, as well as maintains such
stability, and result in more roughly growth of nanoparticles,
the concentrations of RhB and A20 were used as 10 uM and 1
uM, respectively.

Next, we investigated the SERS activity of the obtained
GNFs. Fig. 3 shows that DNA and RhBs co-mediated GNFs
(GNFazo+rne) had higher enhancement effect compared to other
two probes with different synthesis methods which both only
rely on the post-adhesion of Raman molecule onto gold surface,
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Fig. 3 The Raman spectra of different Raman nanoprobes solution
under the same concentration of nanoparticle. GNFa0+rns: A20 and
RhBs co-mediated GNFs; GNS_(A20 + RhB): GNSs directly incubated
with A20 and RhB; GNFa»0_RhB: A20-mediated GNFs with incubation
of RhB.
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i.e. one is GNS by incubation with A20 and 1 pM RhB before
growth (GNS_(A20 + RhB)) and the other is A20-controlled GNFs
by direct incubation with RhB after growth (GNF,,,_RhB). The
calculated enhancement factor (EF) was 1.47 x 10° for
GNFa,0+rnB, Which is about 4 times stronger than the one of
GNS_(A20 + RhB) (0.32 x 10°) and 10 times higher than
GNFaz0_RhB (0.14 x 10°). As for the difference of the SERS
effect, we suppose that there are two possible reasons: one is
that the flower-like nanostructure should generate higher EF
because of the more hot spots; the other one might be explained
by more RhB molecules were attached onto the synthesized gold
nanoparticles, making the Raman signal stronger. To prove the
latter suppose, we calculated the number of molecules on each
nanoparticle by fluorescence quantification of RhB in the
supernatant after removing the GNFs with centrifugation and
comparing it with the initial RhB quantity used for GNF
synthesis (Fig. S4 in ESI}). The average number of attached
RhBs on each GNF,o.rng Was estimated to be 2240, which is
1.14 fold than that of RhB on the GNF,,,_RhB, indicating that
high efficiency of loading RhB molecules onto the nanoprobes
in our one-pot synthesis. To further study the stability of RhB on
gold surface, we used excess mercaptopropionic acid (MPA) to
treat the resulted nanoparticles. MPA has been shown to
strongly bind to gold surface by effectively forming less-reactive
Au(1)-MPA complex with gold ion, which can displaced the
physi-chemical adsorbed RhB molecules. We found after the
incubation with MPA, AuNS_(A20 + RhB) and GNF,,,_RhB
showed that much decrease of SERS enhancement, and as for
GNFa,0+rnp kept high activity, indicating that the RhB stablely
adsorbed on the gold surface than the ones of post-adsorption
(Fig. S5 in ESIf).

Except for the high Raman enhancement effect, the biolog-
ical activity of the Raman probes is also critical for their bio-
logical sensing applications. Previously, we have demonstrated
that the DNA-mediated growth of gold nanoparticle could
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Fig. 4 (a) Schematically illustration and (b—d) TEM imaging of DNA
hybridization-mediated assembly of A20-enchored GNFs nanoprobes
(GNFa20+rnB) ONto T20-modified gold nanorods (T20-GNR).
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realize DNA in situ functionalization on gold surface with high
binding affinity, owing to partial DNA being buried in the GNF
during the nanoparticle growth.” Since we here also used single-
stranded DNA (A20) to control the morphology of GNF in the
growth, we supposed that the used DNA should have DNA
hybridization activity and then mediated the self-assembly of
nanoparticles.””?® To prove the hypothesis, a complementary
DNA strand, thilated-20 mer-ployT (SH-T20), were first attached
onto gold nanorods (GNR) by thiol-gold chemistry and then
mixed with GNFp,0:+rnp in a ratio of 1 : 100 in the 10 mM Tris-
HCI buffer solution with 100 mM NacCl overnight. As seen in
TEM images (Fig. 4b and c), GNR was surrounded by a number
of GNFaz0+rnp, forming the satellite structure. Multiple satellite
assembled nanostructures were also observed (Fig. 4d). As
a comparison, when GNR functionalized by non-
complementary DNA A20 (A20-GNR) was used to incubate
with GNF,0+rnp, NO any assembly was observed (Fig. S6 in
ESIT). Furthermore, to testify whether any other DNA sequence
can be encoded onto nanoparticle by the same synthesis
method, we designed a sandwich DNA assay strategy to test the
DNA hybridization activity on the Raman nanoprobe (details
and Fig. S7-S9 seen in ESI}). The results confirmed that the
resulted Raman nanoprobes were not only functionalized with
DNA molecules in a large number but also retained their
molecule recognition properties.

In summary, we reported a new simple synthesis method of
SERS nanoprobe by introducing Raman dye into the one-pot
DNA-mediated growth from gold nanoseeds. Under the
optimal conditions, DNA and RhB effectively control the shape
of nanoparticles and keep the stabilization of nanoparticles
from aggregation. Since the partial RhB molecules are closely
absorbed onto gold nanoparticles during the one-step
synthesis, the as-resulted nanoparticles exhibit a stable and
improved Raman enhancement effect. Moreover, DNA could be
simultaneously introduced into the nanoparticles with high
stability while retaining their biorecognition ability, allowing
programmable self-assembly of new nanostructures. These
SERS nanoprobes could find wide applications in fields such as
nanoassembly, biological sensing, and biomedicine.
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