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thesis of AgNWs@PDA@AgNPs
core–shell nanocobs based on a mussel-inspired
polydopamine for highly sensitive SERS detection†

Zhiliang Zhang, *ac Tiantian Si,b Jun Liu,a Kehui Hanb and Guowei Zhou*b

In this work, a series of AgNWs@PDA@AgNPs core–shell nanocobs based on a mussel-inspired

polydopamine (PDA) were controllably synthesized and achieve highly sensitive SERS detection. Owing

to the existence of abundant catechol and amine functional groups, PDA molecules could assemble

a functional layer on the surface of silver nanowires (AgNWs) and exhibit exceptional adhesion

performance. More importantly, silver nanoparticles (AgNPs) with controlled coverage and size were

achieved on the surface of the PDA layer by in situ reduction of silver ions into AgNPs with catechol

functional groups, forming AgNWs@PDA@AgNPs core–shell nanocobs. By regulating synergistical effect

between the AgNWs and AgNPs, the AgNWs@PDA@AgNPs core–shell nanocobs demonstrated a highly

sensitive and stable SERS response to Rhodamine 6G (R6G) molecules, and a low limit of detection

down to 10�12 M. Furthermore, the AgNWs@PDA@AgNPs core–shell nanocobs showed an excellent

reproducibility and superior stability as a SERS substrate to achieve trace detection. This strategy would

have great potential to fabricate multifarious SERS-active substrates that make it possible to detect single

molecules and singles cell in chemical and biological fields.
Introduction

SERS is a powerful and efficient vibrational spectroscopic tech-
nique for detecting molecules adsorbed on or near the surface of
certain nanostructures, and provides molecular structural infor-
mation.1–3 In recent years, as a label-free analytical technique,
SERS has attracted great interest owing to its high sensitivity and
excellent selectivity, and single molecule level detection has been
achieved in the elds of chemistry and biology.4–6 In theory, the
SERS effect is closely related to localized surface plasmon reso-
nance (LSPR) and would greatly enhance the Raman signals
when Raman probe molecules are located at the interstice or
junction of aggregates with multiple nanostructures. The enor-
mous electromagnetic (EM) enhancement is mainly derived from
the plasmon coupling among the junction sites or interstice of
the nanostructures in close proximity, and would be called SERS
“hot spots”.7,8

At present, the most commonly used SERS substrates are
noble metal nanomaterials, such as gold, silver and copper
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nanostructures, which could generate a strong local electric
eld with the excitation of incident light.9 Compared with the
other metallic nanomaterials, silver nanostructures are more
widely used as the SERS activity substrate that benets from
their wide range of plasmon resonance effects in the visible
region, great signal enhancement and facile synthesis
process.5,7,10 So far, silver nanostructures with various
morphologies, such as nanospheres,11 nanorods,12 nanowires13

and nanosheets,14 have been reported as SERS-active substrates
and achieve highly sensitive molecules detection. AgNWs have
a large surface area as a one-dimensional nanostructure and
high crystallinity enabling them to be an ideal SERS substrate
for large-scale sensing application.15,16 But there existed
a problem that momentum is seriously mismatched between
the propagating plasmon and photon on the smooth longitu-
dinal surface.15,16 As a result, the optical coupling into the
plasmon modes is very weak at visible-light frequency and the
SERS “hot spots” are strictly conned to the sharp AgNWs
tips.17,18

To resolve this challenge, a variety of approaches have been
proposed to increase nanogaps and sharp edges as active SERS
“hot spots” on AgNWs longitudinal length and achieve highly
sensitive SERS detection.8,15,18–24 In general, as the incident
lights are polarized transverse to the corrugated AgNWs or
AgNWs decorated with nanoparticles, a strongest polarization-
dependent scattering would occur on these one-dimensional
AgNWs surface. Theoretical calculations have demonstrated
that the spacing of adjacent nanoparticles on the surface of
RSC Adv., 2018, 8, 27349–27358 | 27349
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AgNWs can provide excellent Raman enhancement, and the
largest SERS enhancement is likely located at nanogaps and
interstitial junctions between thesemetallic nanostructures.25–27

In this context, the methods such as decorating AgNWs with
small metallic nanoparticles,18,21–23,28 chemical etching to
roughen the AgNWs surface15 or assembling AgNWs into 2D
multilayered arrays, have been demonstrated that SERS active
“hot spots” increase signicantly along the longitudinal
axis,17,20,24 therefore dramatically increasing the strong SERS
effect.

For instance, Tian group fabricated a series of corrugated
polycrystalline AgNWs through a three-dimensional (3D) elec-
trochemical deposition, and the enhancement factor of corru-
gated nanowires was 1–2 orders of magnitude higher than these
smooth AgNWs. Moreover, adhesion nanoparticles on the
surface of the corrugated AgNWs could further enhance the
enhancement factor as a result of the coupling between the
continua plasmon of the corrugated AgNWs and discontinuous
plasmon of the AgNPs.21 Lu et al. developed a plasmon-
mediated photochemical method to etch and roughen the
AgNWs surface morphology and made the intensity of Raman
scattering increase dramatically. These results indicated that
the SERS enhancement was not only related to the structure of
as-fabricated nanomaterials, but also related to surface
morphological changes that caused by plasmon-mediated
photochemical reactions.8 Chen et al. utilized a Langmuir–
Blodgett technique to assemble AgNPs into 3D woodpile-like
platforms, along with the assembled AgNWs layer from mono-
layer to three layers, and the SERS enhancement factor raised
from 3.1 � 103 to 2.6 � 104 respectively.17 The SERS-active
substrates by these fabrication methods displayed ultra high
sensitivity and perfect reliability, however, the fabrication
processes tended to be relatively complicated, tedious and time-
consuming. So far, it still remains a great challenge to fabricate
an AgNWs-based SERS-active substrate with controllable
Raman “hot spots” which can obviously improve the detection
sensitivity and reliability in an efficient and versatile approach.

Dopamine (DA) have abundant catechol and amine active
groups in the molecules surface and could serve as a versatile
platform owing to their distinctive properties, for instance, self-
polymerization, chemical recognition and anchor capability,
which is very similar to the mussels in molecules structure and
property.29 Especially, the self-polymerization of DA could
provide a facile and efficient way to surface modication and
generate an extraordinarily robust adhesive layer via immersing
the substrates into the solution. More importantly, owing to the
existence of abundant catechol and amine groups on the
surface, PDA molecules could have fairly strong complexing
actions with metallic ions and spontaneously in situ reduce
them into the metallic nanoparticles by oxidizing catechol into
the corresponding quinine groups under alkaline aqueous
solution.30–32 As a result, a uniformmetallic nanostructures with
a desirable size and coverage are facilely deposited on all types
of substrates, even including superhydrophobic surface, which
provide a promising opportunity to construct nanogaps and
sharp edges as controllable Raman “hot spots” on the AgNWs
surface.
27350 | RSC Adv., 2018, 8, 27349–27358
Therefore, inspired by these unique properties of PDA, in
this contribution, an efficient and versatile strategy was devel-
oped to controllably synthesize a series of AgNWs@P-
DA@AgNPs core–shell nanocobs based on mussel-inspired PDA
molecules and achieved highly sensitive SERS detection. By
regulating the catechol groups and [Ag(NH3)2]

+ ions, AgNPs with
controlled coverage and size were decorated on surface of PDA
layer by the in situ reduction silver ions into AgNPs with catechol
functional groups. These AgNWs@PDA@AgNPs core–shell
nanocobs could provide a great number of SERS “hot spots” and
display a superior controllability, ultra-high sensitivity and
excellent reproducibility by regulating synergistical effect
between the AgNPs and AgNWs along the longitudinal axis. It
was identied that the limit of detection was down to 10�12 M
using R6G as probe molecule. It would demonstrate a great
potential to fabricate multifarious SERS-active substrates by
this fabrication strategy and achieve a reliable and sensitive
detection in chemical and biological elds.

Experimental
Chemicals and materials

Dopamine hydrochloride, tris-base ($99.9%), ethylene glycol
(EG), copper chloride (CuCl2), cuprous chloride (CuCl), silver
nitrate (AgNO3) and polyvinylpyrrolidone (PVP, Mw ¼ 4 � 104)
were purchased from Sigma-Aldrich. Hydrochloric acid,
ethanol, acetone and R6G were purchased from Beijing Chem-
ical Co. The rest reagents and materials were analytical grade
and without further purication, and the ultrapure (18.2 MU)
water used throughout the entire experiment was produced by
the Milli-Q system.

Controllable synthesis of AgNWs in polyol process

The AgNWs with controlled diameter and length were synthe-
sized in polyol process according to the previous published
literature.33 In the process of reaction, EG (50 mL) was added to
a three-necked ask, and heated to 150 �C under magnetic
stirring at 200 rpm, and the prepared Cu-additive (CuCl2 and
CuCl) solution was added to the heated EG solution. The PVP
solution dissolved in EG (15 mL, 0.15 M, the concentration
calculated on the basis of the repeating unit) was added into the
three-necked ask drop by drop, following by added AgNO3

solution dissolved in EG (15 mL, 0.1 M). The reaction system
was reacted for 1–1.5 h at the temperature and gradually
became opaque gray. By centrifugation at 6000 rpm, AgNWs
were collected from the solution and stored in ethanol for
further use in the experiments.

Controllable synthesis of AgNWs@PDA nanostructures

To a mixture of the AgNWs and Tris–HCl buffer solution
(10 mM, pH ¼ 8.5), the dopamine hydrochloride aqueous
solution was added into above mixture carefully with a mildly
stirring speed and reacted for about 24 hours at room temper-
ature. Aer the reaction, the solution color was changed from
gray to brown, and the redundant PDA was removed by
dumping the upper suspension from the AgNWs precipitate.
This journal is © The Royal Society of Chemistry 2018
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Aer centrifuging at 6000 rpm and washing with ultrapure
water three times, the AgNWs@PDA were obtained and stored
in ethanol for further use.
Controllable Synthesis of AgNWs@PDA@AgNPs nanocobs

Aer immersing the AgNWs@PDA into a fresh [Ag(NH3)2]
+

aqueous solution, the mixed reactants were reacted to decorate
AgNPs on AgNWs surface at room temperature with a moderate
stirring speed. According to reaction ratio, the concentration of
[Ag(NH3)2]

+ aqueous solution was controlled in the range of 1.2
� 10�2 M to 4.8 � 10�2 M. Aer the reaction was complete, the
AgNWs@PDA@AgNPs were obtained by centrifugation and
stored in ethanol for SERS detection.
Characterization

The Bruker D8 X-ray diffractometer and Hitachi U-4100 spec-
trophotometer were used to collect the UV-vis absorption and X-
ray diffraction (XRD) spectra of AgNWs, AgNWs@PDA and
AgNWs@PDA@AgNPs respectively. The Hitachi S-4800 scan-
ning electron microscope was used to characterize the micro-
scopic morphology and energy dispersive X-ray spectroscopy
(EDS) of above samples, and JEOL JEM-2100F transmission
electron microscopy (TEM) was used to observe the morphology
and particle size of the samples. Thermo Scientic ESCALab
250Xi using 200 W monochromatic Al Ka radiation was to
record X-ray photoelectron spectroscopy (XPS) data. Raman
spectra of the prepared samples were measured by Renishaw
inVia9 Raman microscope, and use a 50 � objective and
532 nm laser irradiation to focused laser beam into a spot with
a diameter of about 1 mm. The intensity of irradiation laser was
controlled at 1 mW to activate the samples during the whole
process, and all SERS signals were gathered about 10 s. SERS
characterization was through dripping R6G aqueous solution
onto the surface of the prepared SERS active substrate and dried
under ambient condition.
Fig. 1 Schematic illustration of the construction of AgNWs@PDA@AgNP

This journal is © The Royal Society of Chemistry 2018
Results and discussion

In order to obtain highly sensitive and efficient SERS detection,
it was very crucial to fabricate the SERS substrate with sufficient
Raman hot spots. As illustrated in Fig. 1, a controllable-density
AgNPs on AgNWs surface based on PDA molecules as Raman
hot spots was designed and fabricated for target molecules
detection. Briey, AgNWs with a controllable diameter and
length were synthesized in polyol process reaction, and
exhibited a smooth surface. Due to the exceptional interface
adhesion, DA could be easily deposited on the AgNWs surface
by a spontaneous self-polymerization in a weakly alkaline
aqueous solution and formed a functional PDA layer with a rich
catechol and amine groups. As the catechol and amine groups
in PDA molecules could strongly complexed with [Ag(NH3)2]

+-

ions, a controllable AgNPs decoration on AgNWs surface grad-
ually emerged utilized oxidizing catechol into the
corresponding quinine groups with the in situ reduction of
[Ag(NH3)2]

+ ions into AgNPs. As a results, a series of
AgNWs@PDA@AgNPs core–shell nanocobs with controllable
AgNPs size and distribution were successfully synthesized by
regulating the concentration of [Ag(NH3)2]

+ ions and PDA
molecules. These AgNWs@PDA@AgNPs core–shell nanocobs
would serve as SERS-active substrates aer dipping the target
molecules, and displayed high sensitivity and reliable stability.

The surface plasmon resonance of nanostructures was
highly sensitive to the morphology, component and dielectric
environment around them. Therefore, UV-visible spectra were
performed to characterize AgNWs, AgNWs@PDA and
AgNWs@PDA@AgNPs respectively. From Fig. 2a, two distinct
surface plasmon resonance peaks appeared at about 350 and
380 nm in the absorption spectrum of AgNWs. The peak at
350 nm was assigned to longitudinal plasmon resonance
absorption of the AgNWs, while the peak at 380 nm was the
transverse plasmon resonance of AgNWs.34 Both of these peaks
almost disappeared as AgNWs were deposited a PDA layer by
s nanocobs for highly sensitive SERS detection.

RSC Adv., 2018, 8, 27349–27358 | 27351
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Fig. 2 (a) UV-vis, (b) FTIR and (c) XRD spectra of AgNWs, AgNWs@PDA and AgNWs@PDA@AgNPs, TEM images of (d) AgNWs, (e) AgNWs@PDA
and (f) AgNWs@PDA@AgNPs respectively.
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self-polymerization. Aer mixing with silver ammonia solution,
a typical broad absorption peak at 440 nm was clearly observed,
indicating the formation of abundant AgNPs decorated on the
AgNWs surface.

FTIR spectra were also employed to investigate the formation
process of AgNWs@PDA@AgNPs. In contrast with the spectra of
AgNWs and AgNWs@PDA@AgNPs in Fig. 2b, the spectrum of
AgNWs@PDA exhibited a characteristic resonance peaks at
3426 cm�1 and could be attributed to the stretching vibrations
of –NH2 and –OH groups. The typical peak at 1280 cm�1 was
assigned to C–O groups stretching vibration in PDA molecules.
Similarly, the absorption peaks at 1615 cm�1, 1501 cm�1 and
1386 cm�1 were attributable to the stretching vibrations of C]
N, C–N–C, and C]C functional groups, originating from
indoline or indole groups present in AgNWs@PDA. Moreover,
the ve characteristic peaks (2q¼38.1�, 44.2�, 64.4�, 77.4� and
81.5�, Fig. 2c) in the AgNWs, AgNWs@PDA and AgNWs@P-
DA@AgNPs XRD spectra were attributed to (111), (200), (220),
(311) and (222) crystalline plans of face centered cubic crystal
structure, which matched well with the database of silver
(JCPDS no. 83-0718). From the XRD spectrum in Fig. S1a,† it
could be also noticed that the AgNWs@PDA samples displayed
a broad peak in the range of 20–30�, ascribed to the diffraction
of the amorphous PDA structures on the AgNWs surface.

In order to obtain more detailed structural information,
TEM was used to further investigate the AgNWs, AgNWs@PDA
and AgNWs@PDA@AgNPs. From Fig. 2d–f, it was clearly seen
that PDA could be anchored onto AgNWs surface and formed
core–shell nanostructures, in which AgNWs served as a core and
PDA formed an amorphous shell (Fig. 2e). As the [Ag(NH3)2]

+

ions were added to the AgNWs@PDA solution, it was interesting
to note that a controllably-density AgNPs were emerged on the
27352 | RSC Adv., 2018, 8, 27349–27358
AgNWs surface and formed a series of AgNWs@PDA@AgNPs
nanocobs. From Fig. S1b–d,† the aspect ratio of pristine AgNWs
did not modify aer PDA complexation and AgNPs formation.
All these results proved that DA molecules could deposit on the
AgNWs surface and assembled a functional PDA layer by self-
polymerization, and subsequently, the AgNPs could be formed
on the AgNWs surface by in situ oxidizing catechol into the
corresponding quinine groups.

In order to further elucidate the surface elemental compo-
sition, XPS was employed to evaluate the AgNWs, AgNWs@PDA
and AgNWs@PDA@AgNPs samples. From Fig. 3a, only Ag, C, N
and O elements spectra were obviously detected in the XPS
survey scan spectra of AgNWs, AgNWs@PDA and AgNWs@P-
DA@AgNPs, and demonstrated the high purity characteristics
of our samples. The disappearance of Ag3p3/2, Ag3p1/2 and Ag3s
peaks suggested that PDA was successfully deposited on the
AgNWs surface by self-polymerization. High resolution XPS
spectra were also analyzed to verify the electronic status of each
element exactly. The C1s spectrum (Fig. 3b) could be curve-
tted with four peaks located at 284.5, 285.2, 286.2 and
288.2 eV, indicating the existence of four electronic states of
carbon, which were originated from C–C, C–N, C–O and C]O in
the PDA molecules. From Fig. 3c, two different peaks centered
at 399.4 eV and 399.9 eV were observed in the curve-tted N1s
spectra of AgNWs@PDA@AgNPs, which was corresponded to
–N ¼ and –N–H– in the PDA molecules.31 From Fig. 3d, it could
also be seen that two distinct peaks the Ag3d spectrum were
located at 368 and 374 eV, which represented the binding
energies of spin–orbit for Ag3d5/2 and Ag3d3/2 respectively. The
narrow width of the Ag3d peak indicated that only existence of
the silver on the surface in the samples, which also provided
a direct evidence for successful reduction of AgNPs.
This journal is © The Royal Society of Chemistry 2018
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Fig. 3 (a) XPS survey of the AgNWs, AgNWs@PDA and AgNWs@PDA@AgNPs, (b) the C1s spectrum, (c) N1s spectrum and (d) Ag3d spectrum of
AgNWs@PDA@AgNPs.
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Moreover, the elements variation of synthesized sample at
different stages by EDS was shown in Fig. 4a–f. Compared with
Fig. 4d, the peaks of C, O and N elements exhibited a signicant
enhancements in the spectrum of the AgNWs@PDA (Fig. 4e),
and suggested that PDA layer was successful assembled on
AgNWs surface (Fig. 4b). By contrast, the intensity of the C, N
and O peaks declined sharply and the Ag peak increased
oppositely aer the AgNWs@PDA was dipped into the
[Ag(NH3)2]

+ solution (Fig. 4f), which were attributed to the
abundant AgNPs formation on the AgNWs@PDA surface
(Fig. 4c). These EDS results were well consistent with the above
TEM, XPS and SEM results. All these analysis demonstrated that
the AgNWs@PDA@AgNPs nanocobs could be fabricated with
this simple approach, which was favorable to construct a highly
sensitive AgNWs SERS-active substrate with controllable Raman
hot spots.

The morphology and distribution of AgNPs on the AgNWs
surface were extremely pivotal to achieve a highly sensitive SERS
detection, and AgNWs, AgNWs@PDA and AgNWs@P-
DA@AgNPs were examined by SEM respectively. From Fig. 5a,
the AgNWs demonstrated a uniform straight morphology and
smooth surface. In contrast to AgNWs with a smooth surface,
the AgNWs@PDA exhibited a relatively rough and amorphous
morphology (Fig. 5b), which indicated that PDA molecules
deposited on the AgNWs surface and formed a functional layer.
From Fig. 5c, aer dipping AgNWs@PDA into [Ag(NH3)2]

+

This journal is © The Royal Society of Chemistry 2018
solution for a certain time, almost all of AgNWs@PDA have
successfully been decorated with AgNPs and formed a series of
AgNWs@PDA@AgNPs core–shell nanocobs. It can be seen from
Fig. 5c that the scattered AgNPs adhered tightly on the PDA
surface and formed a corrugated surface. PDA served as a bridge
molecules to connect AgNWs and AgNPs, and regulated the
distribution and particle size of AgNPs on the surface of
AgNWs@PDA@AgNPs.

These Ag-based nanostructures could be used to fabricate
reliable SERS substrates to detect single molecule, and the
Raman enhancement effect was veried by using R6G at
a concentration of 1 � 10�6 M. Fig. 5d displayed the represen-
tative SERS spectra of R6G molecules on these three samples,
and the peaks located at 612, 774, 1185, 1311, 1360, 1511, 1577
and 1650 cm�1 were clearly observed, which matched well with
the previous reports of R6G.35,36 It was noticed that the
AgNWs@PDA@AgNPs nanocobs exhibited more remarkable
Raman enhancement compared to AgNWs and AgNWs@PDA.
For the AgNWs@PDA, the PDA layer might weak the SERS
property in a certain extent. The signal of a small amount of
probe molecules could still be detected at the areas near the
inner AgNWs through such a PDA layer, which was proved by
the SERS signal of AgNPs@PDA in Fig. S2.† For comparison, the
R6G detection limit on the AgNWs@PDA SERS substrate was 1
� 10�8 M, and higher than 1 � 10�10 M on AgNWs SERS
substrate. In fact, it could generate a huge local electromagnetic
RSC Adv., 2018, 8, 27349–27358 | 27353
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Fig. 4 SEM images of (a) AgNWs, (b) AgNWs@PDA and (c) AgNWs@PDA@AgNPs, the responding EDS of (d) AgNWs, (e) AgNWs@PDA and (f)
AgNWs@PDA@AgNPs respectively.

Fig. 5 SEM images of (a) AgNWs, (b) AgNWs@PDA and (c) AgNWs@PDA@AgNPs, (d) Raman spectra of R6G molecules (1 � 10�6 M) on AgNWs,
AgNWs@PDA and AgNWs@PDA@AgNPs.

27354 | RSC Adv., 2018, 8, 27349–27358 This journal is © The Royal Society of Chemistry 2018
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Fig. 6 SEM images of AgNWs@PDA@AgNPs synthesized at (a) 1.2 � 10�2 M, (b) 2.4 � 10�2 M, and (c) 4.8 � 10�2 M of [Ag(NH3)2]
+ions,

respectively. (d–f) Raman spectra of R6G (1 � 10�6 M) dripped on the corresponding AgNWs@PDA@AgNPs substrates.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
Ju

ly
 2

01
8.

 D
ow

nl
oa

de
d 

on
 1

/2
4/

20
26

 7
:4

6:
02

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
eld because of the interparticles electromagnetic coupling of
the aggregated AgNPs, and offered a great Raman signal
enhancements to achieve single-molecule level detection.37,38

From the SERS spectra of R6G molecules on AgNWs,
AgNWs@PDA, AgNWs@PDA@AgNPs and AgNPs in Fig. S3a,†
the AgNPs substrate could produce excellent enhancement
effect, and the R6G detection limit on the AgNPs SERS substrate
was about 1� 10�11 M (Fig. S3b†). In the AgNWs@PDA@AgNPs
nanocobs, abundant SERS “hot spots” were originated from the
nanogaps and interstices of aggregate AgNPs and AgNWs,
which were synergistically contributed to the high SERS activity.
Moreover, such small nanogaps and interstices among adjacent
AgNPs in AgNWs@PDA@AgNPs nanocobs were fairly benecial
to attain a highly strong SERS signal. As a result, the
AgNWs@PDA@AgNPs nanocobs exhibited a superior SERS
activity compared to the AgNWs and AgNWs@PDA nano-
structures at the same R6G concentration.

The enhancement intensity of SERS was closely related to the
LSPR, and it could be controlled by the properties of plasmonic
nanostructures such as the size, shape and distribution. In
order to regulate the size and distribution of AgNPs on the
AgNWs@PDA surface, different concentrations of silver
ammonia solution were used to synthesized a series of
AgNWs@PDA@AgNPs nanocobs. From SEM images in Fig. 6a–
c, as the concentration of silver ammonia solution was 1.2 �
10�2 M, only a few part of AgNPs were immobilized on
AgNWs@PDA surface and formed a low surface coverage
(Fig. 6a). Along with the increasing concentration of [Ag(NH3)2]

+

ions, the surface coverage with AgNPs was gradually increased
due to more [Ag(NH3)2]

+ ions into AgNPs through the in situ
reduction with catechol functional groups (Fig. 6b). As the
This journal is © The Royal Society of Chemistry 2018
concentration of silver ammonia solution further increased to
4.8 � 10�2 M, a controllable-density AgNPs were formed and
abundant nanogaps and interstices between adjacent AgNPs
were emerged (Fig. 6c). From Fig. 6d–f, the Raman enhance-
ment effect increased obviously followed by the increased
concentration of [Ag(NH3)2]

+ ions, this phenomenon could be
attributed to the more SERS “hot spots” in the AgNWs@P-
DA@AgNPs nanocobs and eventually caused a stronger elec-
tromagnetic enhancement.

The high sensitivity of SERS substrate has played an
important role to measure trace components and even detect
single molecules. To verify the sensitivity of the AgNWs@P-
DA@AgNPs nanocobs as a SERS substrate, the Raman
enhancement effect was evaluated by using R6G with
a concentration that ranged from 1 � 10�7 to 1 � 10�12 M. As it
was depicted in Fig. 7a, with the concentration of R6G from 1 �
10�7 to 1� 10�12 M, the peak intensity gradually decreased. The
correlation between R6G concentration and Raman peak
intensity was a good linear relationship (Fig. S4a†), and iden-
tical to the results by Qu et al.39 When the concentration of R6G
molecules was lower to 1 � 10�12 M, the characteristic peaks at
612, 1185, 1360 and 1650 cm�1 could be still clearly observed
(Fig. 7b), which revealed that the SERS substrate based on
AgNWs@PDA@AgNPs nanocobs possessed a high sensitivity.
For comparison, as the PDA layer reduced to about 10 nm
thickness, the R6G detection limit on AgNWs@PDA and
AgNWs@PDA@AgNPs substrates were also investigated. From
Fig. S5,† although the limit detection of AgNWs@PDA was down
to 10�9 M, lower than the thicker ones (Fig. S5a†). However, the
AgNWs@PDA@AgNPs based on AgNWs@PDA with PDA layer
10 nm could detect the concentration of R6G was down to
RSC Adv., 2018, 8, 27349–27358 | 27355
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Fig. 7 (a) Raman spectra of R6Gwith the concentration from 1� 10�7 to 1� 10�12 M on AgNWs@PDA@AgNPs, (b) the magnified SERS spectrum
of R6Gmolecules with concentration at 1 � 10�12 M, (c) SERS spectra of R6G at a concentration of 1 � 10�6 M collected from 10 random points,
(d) SERS intensity changed at 612, 774, 1511 and 1650 cm�1.
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10�11 M, higher than the thicker ones (Fig. S5b†), which was
due to few AgNPs on the AgNWs@PDA@AgNPs nanocobs.

Moreover, the high sensitivity of this SERS substrate was
further evaluated by means of the enhancement factor, and it
could be calculated from the peak intensity ratio between the
normal Raman spectrum and SERS spectrum of R6G. The
detail calculation procedure of enhancement factor was
further described in the ESI and Fig. S4b.† According to the
vibration absorption band at 612 cm�1, the enhancement
factor was achieved by 6.49 � 107, and these results were
comparable to the SERS substrate fabricated by an advanced
nanoengineering procedure.40–42 All these results indicated
that the AgNWs@PDA@AgNPs nanocobs could serve as an
excellent SERS platform for detection of trace-constituent and
single molecule.

As a basic analytical implement, the reproducibility and
homogeneity of SERS signals were also an important criteria to
evaluate the practicability of SERS substrate besides high
sensitivity. To verify the SERS reproducibility, Raman signal of
R6G were collected in 10 randomly points from AgNW@P-
DA@AgNPs substrate. From Fig. 7c, the intensity of typical
absorption bands, such as at 612, 774, 1511 and 1650 cm�1,
exhibited high uniformity, which revealed that the
AgNWs@PDA@AgNPs nanocobs could provide excellent SERS
reproducibility.38,43 Moreover, the results in Fig. 7d displayed
27356 | RSC Adv., 2018, 8, 27349–27358
that the relative standard deviation (RSD) values of Raman
vibration at 612, 774, 1511 and 1650 cm�1 were about 14.89%,
16.46%, 15.28% and 14.55% (#20%) respectively. In this
study, a point-by-point Raman spectra of R6G were collected
on the random 20 � 20 mm2 area at 2 mm intervals on
AgNWs@PDA@AgNPs substrate. Fig. S6† showed the basic
vibrations of R6G molecules, and the SERS spectra results
conrmed that the distribution of the Raman enhancement
effect in the whole test area was uniform, and the RSD of all
pixels less than 20%, satisfying the requirements of uniform
reinforced substrate.44–46 These values indicated that the SERS
substrate based on AgNWs@PDA@AgNPs nanocobs designed
by our approach was able to provide uniform SERS signals and
reliably reproducibility.

Furthermore, the SERS stability of as-synthesized
AgNWs@PDA@AgNPs nanocobs was also inspected.
Compared the typical SERS absorption peaks of the fresh
samples with those even stored for more than ve months in
Fig. 8a and b, no signicant change of the SERS signal was
observed, revealing the high stability of the SERS substrates
based on AgNWs@PDA@AgNPs nanocobs fabricated by our
strategy. As a result, the responding AgNWs@PDA@AgNPs
nanocobs could achieve a high sensitivity, super reproduc-
ibility and excellent stability simultaneously.
This journal is © The Royal Society of Chemistry 2018
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Fig. 8 (a) Raman spectra of R6G molecules on the fresh AgNWs@PDA@AgNPs nanocobs and those during stored for five months, (b) the
intensity variation of typical R6G Raman peaks in the histogram.
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Conclusions

A facile method was proposed to controllably fabricate a series of
novel AgNWs@PDA@AgNPs core–shell nanocobs based on
a mussel-inspired PDA molecule and achieved a higher sensitive
detection of SERS. Through an in situ reduction role of PDA
molecules, abundant AgNPs were reduced and grown on the
AgNWs@PDA surface. By regulating the concentration of
[Ag(NH3)2]

+ ions and the PDA molecular layer on the
AgNWs@PDA surface, the morphology of AgNWs@PDA@AgNPs
core–shell nanocobs could be fairly controlled. Beneted from
the synergistic role of AgNPs, the AgNWs@PDA@AgNPs core–
shell nanocobs exhibited high SERS sensitivity for the detection
of trace R6G and limit of detection could be lower to 1� 10�12 M.
Moreover, as a SERS substrate, the AgNWs@PDA@AgNPs core–
shell nanocobs demonstrated excellent reproducibility and
superior stability. This research would provide a new strategy to
build the SERS-active substrates for highly sensitive detection,
and demonstrate a great potential in manufacture of more
comprehensive functional SERS sensors.
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