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Abstract Nanostructure with an interior nanogap
has received much attention in surface-enhanced
Raman scattering (SERS). However, controllable
synthesis of nanostructure with ultrasmall nanogap
and innovative morphology still remains a chal-
lenge. Herein, we present a facile seed-mediated
route to integrate uniform nanogap in novel Ag
nano coix seeds and locate Raman molecules in
the nanogap at room temperature. After 20-nm Ag
nanoparticles (NPs) modified by Raman ligand 2-
naphthalenethiol and coated by polymer shells as
cores were obtained, outside Ag shells were
formed by in situ reduction on the polymer sur-
face. The SERS properties of these resulting Ag
nano coix seeds were systematically explored.
More importantly, the novel SERS active substrate
exhibited ultrahigh homogeneity, reproducibility,
stability, and even a reliable quantitative SERS
analysis mediated by internal standard molecules.
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Introduction

Surface-enhanced Raman scattering (SERS), combining
superior sensitivity, in situ detection ability, exceptional
spectral selectivity, and fingerprint features, has stimu-
lated widespread interest ranging from chemical analy-
sis (Lin et al. 2017; Yan et al. 2016), immunoassay
(Banaei et al. 2017; Jiang et al. 2018a, b), and food
safety (Gillibert et al. 2018) to environmental monitor-
ing (Yang et al. 2016; Chamuah et al. 2017). The high
sensitivity of SERS is usually obtained by confining
Raman reporters within the range of electromagnetic
field, which is originated from the localized surface
plasmon resonance (LSPR) of noble metal
nanomaterials (Schider et al. 1999; Jensen et al. 2000;
Willets and Duyne 2007). It is well known that resonant
property depends strongly on size, morphology, and
structure of nanomaterials, besides the environmental
dielectric constant (Kelly et al. 2003; David et al.
2011; Jiang et al. 2016; Kang et al. 2013). Thereafter,
these confined electromagnetic fields, terminated as
“hot spots,” are usually achieved by constructing versa-
tile nanomaterials with ultrasmall gap (Zhao etal. 2017),
sharp tip (Li et al. 2014), or rough surface (Zou et al.
2018). Particularly, great efforts have been made to
develop novel core-shell nanostructures which possess
high SERS activity in the past decades. For example,
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core-shell Au nanostructure with an ultrasmall interior
nanogap of about 1 nm was constructed by using
thiolated DNA and obtained an enhancement factor
greater than 1.0 x 10® (Lim et al. 2011). Ultrathin Ag
layer was deposited on Au core to form a core-shell
structure with embedded 4-mercaptobenzoic acid mole-
cule for enhancing SERS signal from bare Ag nanopar-
ticles (NPs) (20 times stronger) (Feng et al. 2012).
Triangular Ag@ Au nanoplates were reported to exhibit
considerably enhanced SERS performance compared to
the bare Ag nanoplates due to the hot spots emerging at
their sharpened edges and nanogaps located between Ag
cores and Au shells (Liu et al. 2015). Although several
monodisperse core-shell nanostructures have been suc-
cessfully created by these methods (Kumar-Krishnan
etal. 2017; Jiang et al. 2017a, b, c), it is still a challenge
to synthesize well-defined ones with novel morphology
and controlled distribution for reproducible and stable
ultrasensitive assay.

In the past decades, the development of SERS tech-
nique encountered two main barriers (Cardinal et al.
2017; Li et al. 2017). The first one is the obtaining of
a substrate with a large amount of electromagnetic hot
spots, which can be partially resolved by designing
core-shell nanostructures as discussed above (Zhang
etal. 2018). The second one is how to place the targeted
molecules exactly on or in the obtained hot spots (Jiang
etal. 2017a, b, c). Recently, an ultrathin shell around the
noble metal NPs was prepared using polystyrene-block-
poly(acrylic acid) (PSPAA). Raman reporter on the
surface of noble metal NPs can be effectively protected
without dissociation for a long store period. Simulta-
neously, the inert polymer shell would not affect the
output of SERS signals (Yang et al. 2009; Chen et al.
2010).

With large scattering to extinction cross-section
ratio, Ag NPs have sensitive LSPR. Thus, they are
more competitive in plasmonic sensing and SERS
applications (Dmitruk et al. 2010). However, the
successful preparation of Ag NPs with uniform size
and shape in aqueous solution remains very chal-
lenging. Recently, the seed-mediated solution—phase
growth technique has become an effective and ver-
satile method to prepare noble metal NPs (Jiang
et al. 2017a, b, c¢; Yao et al. 2017). Nonetheless,
little attention has been paid to the construction of a
well-defined seed with uniform geometry size for
the preparation of novel core-shell nanostructures
using a seed-mediated strategy.
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Herein, we designed a facile, rapid, and reproduc-
ible three-step route to realize the synthesis of novel
Ag nano coix seeds with SERS-active ligand in the
interior gaps. Ag NPs with a coix seed-like shape
were prepared through the growth of an outside Ag
layer on the Ag@PSPAA core with built-in Raman
ligand (2-naphthalenethiol, 2NT) by in situ reduc-
tion. Time-dependent experiment was carried out to
confirm the coating process. Notably, these Ag nano
coix seeds exhibit remarkably improved SERS ac-
tivity, good reproducibility, and longtime stability
attributed to the well-defined interior polymer gap
as well as the uniform size and shape of the nano
coix seeds. The minimum concentration detected for
2NT was 0.00624 mM with a wide linear range from
62.4 to 0.00624 mM. The homogeneity of the SERS
signal was subsequently investigated and relative
standard deviation (RSD) values of only 12.17%,
9.99%, and 10.85% for 1069, 1382, and
1624 cm ™' peaks of 2NT were obtained, respective-
ly. The signal reproducibility of the Ag nano coix
seeds prepared by the same method was also evalu-
ated and RSD value of about 15% was achieved for
5 pitches of samples. The stability of the SERS
signal for more than 2 weeks was then confirmed.
Finally, a reliable quantitative SERS analysis of 4-
nitrothiophenol (4NTP) in solution was realized
using the 2NT in Ag nano coix seeds as the internal
standard to represent and eliminate the environment
fluctuation. The simple seed-mediated strategy to
prepare nano coix seeds and exactly locate the Ra-
man molecules into their interior gaps provides new
opportunities to create diverse and novel SERS sub-
strates for various applications.

Experimental
Chemicals

Hydrogen tetrachloroaurate(IIl) hydrate
(HAuCly*xH,0, 99.9%) was purchased from Alfa
Aesar. Sodium borohydride (NaBH,), sodium citrate,
AgNO;, L-ascorbic acid, NaCl, 2NT, DMF, and hydrox-
ylamine were obtained from Sigma-Aldrich. Amphi-
philic diblock copolymer PSPAA (PS;s4—b—PAA49)
was purchased from Polymer Source. Deionized water
(>18.2 MQ cm ') was used throughout the experiment.
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Sample preparation

Synthesis of 20-nm Ag NPs and encapsulating them
with PSPAA have been reported in our previous work
(Jiang et al. 2018a, b). In a typical synthesis, the 20-nm
Ag NPs, 2NT molecules, and PSPAA were mixed in the
solution of DMF and H,O, where the DMF/H,O vol-
ume ratio was 4.5. The mixture was heated to 110 °C for
2 h and then cooled down to room temperature. Finally,
the product was collected by centrifugation and the 2NT
molecules were encapsulated into the PSPAA shell. The
DMF/H,0 volume ratio and heating temperature are
both very important factors in the encapsulation process.

Synthesis of Ag nano coix seeds: 1 mL aqueous
solution of above Ag@PSPAA NP was mixed with
9 mL aqueous solution of 6 mg sodium citrate, 4 mg
ascorbic acid, and 0.94 mg NaCl. And then, 2 mL
aqueous solution of AgNO; (1 mg/mL) was added
dropwise into the precursor solution with stirring for
1 h. Finally, the product was collected by centrifugation
at 8000 rpm for 10 min. The typical synthesis process of
the Ag nano coix seeds is schematically illustrated in
Scheme 1.

Preparation of the Ag nano coix seeds SERS sub-
strate: a silica wafer (about 1 cm?) was pretreated with
O, plasma for 10 min to improve its surface hydrophi-
licity. The wafer was then functionalized with an amino
group by reacting with APTES solution (5 mM) for 1 h.
Subsequently, the wafer was soaked in citrate-stabilized
Ag nano coix seed solution for 2 h to ensure the adsorp-
tion of Ag NPs and rinsed with H,O twice to remove the
excess NPs.

Instrumentation

The morphologies of the products were observed
and analyzed by a SU70 field emission scanning
electron microscopy (FESEM) and a JEM1400
transmission electron microscopy (TEM). The opti-
cal absorption spectra of the products were recorded
with a Cary 100 ultraviolet-visible (UV-vis) spectro-
photometer. The SERS properties of the samples
were examined by a miniature Raman spectrometer
(BWS415, B&W Tek Inc.) using a 785-nm semicon-
ductor laser as an excitation source. The laser power
on the targeted position was 20 mW and the accu-
mulation time was 5 s. All the analyses were per-
formed at room temperature.

Result and discussion

In a typical synthesis, novel Ag nano coix seeds were
successfully prepared with high yield by dropwise
adding an aqueous solution of AgNOj into the precursor
solution containing ascorbic acid, sodium citrate, NaCl,
and the above core-shell seeds (size of core 20+ 5 nm,
size of shell 10+3 nm, Fig. S1). Figure 1a and b show
the typical SEM images of the resulting Ag NPs. These
images clearly indicate that an interesting morphology
appears: one side of the Ag NP is round and the other side
is sunken with a small opening. Such morphology is
similar to that of coix seeds, a Chinese medicine as
exhibited in the inset of Fig. la. Therefore, the as-
prepared Ag nanostructure was defined as “Ag nano coix
seeds.” The distribution histogram of the diameter of the
Ag nano coix seeds is illustrated in Fig. Ic, which ex-
hibits a mean value of 90 + 5 nm with a relatively narrow
distribution range from 60 to 140 nm. In the typical TEM
images of the Ag nano coix seeds, subtle cores and gaps
between cores and shells can be seen in nearly all the NPs
after careful identification (Fig. 1d). The central core and
gap can be certified after amplifying the image of a
typical Ag nano coix seed (Fig. 1e). The mean gap size
was estimated to be approximately 4.2 to 9.7 nm.
HRTEM image collected from the Ag nano coix seed
(Fig. 1) clearly displays d-spacing (111) of 0.24 nm (the
length of ten lattices is 2.4 nm), which is consistent with
its corresponding selected-area electron diffraction
(SAED) pattern. The diffraction pattern exhibits bright
spots of a sixfold symmetry corresponding to the {220}
reflections of the fcc Ag single crystal orientated in the
[111] direction (Fig. 1g), which arises from the modifi-
cation of sodium citrate on the surface of the Ag nano
coix seeds. This is further supported by the energy-
dispersive spectrum (EDS) of the Ag NPs as shown in
Fig. 1h. Besides the peaks of Ag from the NPs and Cu
from the substrates, the peak of C from sodium citrate
and PSPAA also appears. In Fig. 1i, the local elemental
mapping of these Ag nano coix seeds clearly exhibits the
spatial distribution of the Ag element. The chemical state
of Ag nano coix seeds was also examined using XPS.
The binding energies of Ag *ds;, and Ag >ds, were
identified as 368.2 and 374.2 eV, respectively (Fig. 1j).
The spin energy separation of 6.0 eV indicated a zero
valence state of the Ag NPs (Gang et al. 2003). As
introduced above, the LSPR of Ag NPs depends strongly
on their size, shape, and structure as well as on the
environmental dielectric constant. In the typical three-
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Scheme 1 Schematic illustration of the three-step synthesis of Ag nano coix seeds

step synthesis process, an obvious red-shift and broaden-
ing of the absorption band of Ag NPs was observed as
illustrated in Fig. 1k. The absorption peak of the Ag NPs
shifts from 402 to 436 nm after they were coated by the
block copolymers with a higher refractive index. With
the further coating of the second grown Ag layer, the

35000

absorption band of NPs becomes broadened significantly
and a second main peak further appears at 532 nm with a
shoulder at 343 nm.

The corresponding growth process of the outside Ag
layer has been monitored as illustrated in Fig. 2a to c. It
can be explained as follows: the precursor complex of
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Fig.2 TEM images of the products at different reaction periods: a 15, b 30, and ¢ 60 min and d the corresponding growth mechanism

(scale bar 50 nm)

carboxyl group and Ag" was established through cat-
ionic interactions when AgNOs was slowly dripped into
the precursor solution. Then, Ag* was gradually re-
leased from the complex and reduced to Ag” under the
effect of ascorbic acid. The Ag atoms would diffuse into
the porous PSPAA shell and nucleated on the surface of
inner Ag NPs (Mai and Eisenberg 2012). This is an
energy-favored process compared to homogeneous nu-
cleation in the growth solution or heterogeneous nucle-
ation on the surface of a polymer shell. As a result, the
low concentration of Ag atoms around the Ag surface
promoted the single-site heterogeneous nucleation
(Feng et al. 2017). After that, Ag nuclei penetrated the
polymer shell and eventually grew out of the shell,
forming a “bridge” (as being pointed out by the
arrows in Fig. le and in the inset of Fig. 2a). After
attaching more newly appeared Ag nuclei in the solu-
tion, they progressively grew to small Ag particles and
were temporarily stabilized by the excess surfactant
citrate molecules. These initial Ag particles acted as
seeds and grew large gradually across the polymer shell,
with the synergistic effect of NaCl selectively etching
twinned seeds (Wiley et al. 2004; Long et al. 2014). As
is reported, the defects inherent in twinned nuclei of
silver would provide active sites for their selective etch-
ing and dissolution by chloride and oxygen from air,

leaving only the single crystalline ones to grow into
nanoparticles (Wiley et al. 2004). Finally, a small open-
ing will be observed in the final nanostructures, proba-
bly owing to the dislocation of the growth ends and the
high combing energy barrier. The proper growth mech-
anism of the sample was shown in Fig. 2d. Therefore,
the seeded strategy developed in this work gives rise to
constructing novel Ag nano coix seeds with ultrasmall
inner gaps.

After the Ag nano coix seed SERS substrates were
carefully prepared as shown in Fig. 3a, the representa-
tive SERS spectra of the Ag nano coix seeds were
collected in Fig. 3b. These spectra showed several
prominent peaks at 522, 603, 639, 770, 845, 1069,
1382, 1453, 1570, 1587, and 1624 cm *, corresponding
to the characteristic peak positions of 2NT (Jiang et al.
2018a, b; Pucbla et al. 2004). As the dilution of the
target molecules, the SERS intensity gradually dropped
and it was even possible to identify the peak of 2NT with
the trace amount of 0.00624 mM, which was the mini-
mum concentration detected. Also, a linear dependence
between the SERS intensity at 1069 cm ™' and the 2NT
amount from 0.00624 to 62.4 mM was confirmed after
linear fitting, and a relationship as /=4417.94 - LogC +
10,984.86 was given (Fig. 3c). This superior detection
performance of the as-prepared Ag nano coix seeds
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Fig.3 a SEM image of Ag nano coix seed-modified substrate. b SERS spectra of the Ag nano coix seeds loaded with different amounts of
2NT (62.4 (1), 6.24 (2), 0.624 (3), 0.0624 (4), and 0.00624 (5) mM) and ¢ the corresponding calibration curve

arose from the highly electromagnetic hot spots, which
were induced by the efficient plasmonic coupling be-
tween the external Ag layers and the inner Ag NPs. The
signal reproducibility of the Ag nano coix seeds was
then investigated, and the resulting 2D color-coded in-
tensity of the spatiotemporal SERS mapping of 2NT
from 20 randomly selected probe sites was depicted in
Fig. 4a. From 500 to 1750 cm ', the characteristic
Raman vibrations of 2NT were obviously enhanced at
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all spots, indicating excellent SERS activity and homo-
geneity. The RSD values of the intensity of three main
SERS peaks at 1069, 1382, and 1624 cm ! were then
calculated as 12.17% (Fig. 4b), 9.99% (Fig. S2a), and
10.85% (Fig. S2b), evidencing the homogeneity of Ra-
man enhancement. As shown in the above SEM and
TEM images, the existence of nanogaps in nearly all the
Ag nano coix seeds can induce a wide distribution of the
SERS hot spots on the NP-modified substrate and the
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Fig. 4 a The 2D color-coded intensity of spatiotemporal SERS
mapping and b the SERS intensities of 2NT molecules at
1069 cm ! from the Ag nano coix seeds. ¢ SERS spectra of 2NT

exact location of the 2NT molecules in these hot spots
promoted the appearance of the homogeneous SERS
output. Moreover, the narrow size distribution and rela-
tively uniform shape of the Ag nano coix seeds can also
contribute to the homogeneity of SERS signals.

To visualize the SERS reproducibility of the Ag nano
coix seeds provided by repeated synthesis, the Raman
spectra of 2NT measured from different batches of
samples were recorded in Fig. 4c. All characteristic
peaks in the Raman spectra gave slight oscillations,
demonstrating the reproducibility of these SERS nano-
structures. The RSD values of SERS intensity were
calculated to be 15.51%, 13.23%, and 12.96% for peaks
at 1069, 1382, and 1624 cm™', respectively. The high

I1oooo

DL

1750 1000 1250 1500 1750

Raman shift (cm™)

from five different batches of the Ag nano coix seeds and d
temporal stability of the SERS signal

reproducibility of the SERS signals with a RSD value of
around 15% can be attributed to the effective repetitive
preparation of the nanostructures, which was favored by
the simplicity of the seed-mediated technique. The tem-
poral stability of the Ag nano coix seed SERS substrate,
which is an essential factor in practical assay, was also
investigated. The SERS intensity of 2NT was gradually
reduced by about 20% of the initial intensity in the
following day and then maintained at a similar intensity
for the next 2 weeks as shown in Fig. 4d. In this study,
the Raman ligand was encapsulated on the surface of the
inner Ag layer and protected by the polymer shell.
Compared with the conventional surface modification
strategies, the present method avoided the dissociation
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Fig. 5 a SERS spectra of 4NTP
(target) and 2NT (internal stan-
dard) and b SERS intensities of
the target 4ANTP (1338 cm ),
2NT (1382 cm’! ), and relative
intensities of 1338 to 1382 cm ™~
at various 4NTP concentrations
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and random distribution of target Raman molecules.
Consequently, their exact and right positions in the
special geometric-constructed hot spots led to a more
uniform and reliable output of SERS signals.

Both the interior gap with exactly located molecules
and the high SERS activity of the as-prepared nanostruc-
ture would provide its versatile abilities. As it is previ-
ously reported, reliable quantitative SERS analysis can
be facilitated by core-shell NPs with embedded internal
standards (Shen et al. 2015). The signal of the embedded
Raman probe (2NT) in the Ag nano coix seeds will
represent the fluctuation and interference of environment
such as solution conditions. When other target molecules
were detected, its SERS signal can be corrected by con-
sidering and disposing the basic signal from the inner
2NT. Such a strategy was demonstrated by using 4NTP
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as targeted molecules. The SERS spectra were collected
from the solution of the Ag nano coix seeds modified by
4ANTP (Fig. 5a), and the signal intensity of 4NTP fluctu-
ates with the dilution of the solution (Fig. 5b, top panel,
solid circle). Consequently, a poor linear relationship was
observed, which is due to the gradual aggregation of Ag
nano coix seeds induced by the addition of 4NTP. Such
an aggregation was reflected by the gradually increasing
SERS intensity of 2NT (internal standard; Fig. 5b, down
panel, solid star). Interesting and excitingly, the linear
relationship between the SERS intensity and the concen-
tration of the molecules from 2 to 16 uM can be im-
proved by normalizing the SERS intensity of 4NTP
(1338 cm' ') to that of 2NT (1382 cm' ) as shown in
Fig. 5b (top panel, open diamond). A possible reason is
that such a normalization based on the internal standard
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may represent and eliminate the influence from the ex-
ternal environment (mainly aggregation induced by the
additive ligand in the solution). As a consequence, it is
demonstrated that the Ag nano coix seeds with internal
standard molecules can serve as an ideal platform for
quantitative SERS analysis.

Conclusions

In conclusion, a facile seed-mediated route was introduced
to integrate interior ultrasmall gap with the size of about
10 nm in novel Ag nano coix seeds. Temporal experiment
was directed to confirm the coating processes of outside
Ag shells. The detection limitation of 2NT molecule
located exactly in the gap was 0.00624 mM with a wide
linear range from 62.4 to 0.00624 mM. The homogeneous
SERS performance of the Ag nano coix seeds with RSD
values of around 10% was subsequently confirmed by the
spatiotemporal SERS mapping. The SERS reproducibility
of the samples produced by five parallel experiments was
also evaluated and RSD value of about 15% was obtained
for different characteristic peaks. Particularly, the stability
of SERS signal was certified to be good after being stored
for more than 2 weeks. Finally, a reliable quantitative
SERS analysis was realized by using the 2NT molecules
in the Ag nano coix seeds as an internal standard to
eliminate the influence from external environment.
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