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A seedless, one-step synthetic route to uniform bumpy silver 

nanoshells (AgNS) as highly NIR sensitive SERS substrates is 

reported; these subtrates can incorporate Raman label 

compounds and biocompatible polymers on the their surface. 

AgNS based NIR-SERS probes are successfully applied to cell 

tracking in a live animal using a portable Raman system. 

Since surface-enhanced Raman scattering (SERS)-based 

nanoprobes were first developed for biological applications, 

they have become an alternative to fluorescence-based labels in 

the fields of molecular detection, diagnosis, and bio-

imaging.1,2,3 SERS-based approaches for target detection and 

bio-imaging have many advantages, including excellent 

sensitivity affording single-molecular level detection,4 

multiplexing capability,5,6,7 and resistance to photobleaching.8 

For the sensitive detection of target molecules utilizing the 

advantages of SERS spectroscopy, SERS-active nanoparticles 

(NPs) such as nanoshells,9,10,11 nanorods,12 nanostars,7,13 

cluster/assembly-based NPs,14,15,16 and bimetallic NPs,17 which 

induce strong electromagnetic field enhancement, are essential. 

In particular, for successful applications of SERS technology in 

in vivo detection and imaging, not only must the SERS probes 

be effectively excited inside the deep tissues of living animals, 

but their signals must also be detected from outside of the tissue. 

In this regard, it is very important to tune the surface plasmonic 

resonance (SPR) of nanostructures toward the near-infrared 

(NIR) spectral region, so-called biological window (700-900 

nm), where tissue components show much lower 

absorption.3,15,18,19,20,21 Therefore, a strategy to design NIR-

sensitive plasmonic nanostructures which are able to maximize 

the enhancement of SERS signals under NIR excitation light 

remains crucial for practical in vivo applications of SERS 

technologies. 

Metal nanoshells (NSs) composed of a dielectric core and a 

metal nanoshell are of great interest due to their tunable surface 

plasmon resonance (SPR) band from the visible to the IR region 

by modifying their core size, shell thickness, and atomic 

composition.22,23 Among the various metal NSs, silver and gold 

NSs have been considered as proper SERS-active substrates for 

the sensitive detection of target molecules due to the 

considerable amplification of Raman signals by the strong 

electromagnetic field.11,24 In particular, silver exhibits 10 to 

1000-fold greater Raman enhancement than gold,25 and has a 

higher tendency to form rough surface morphologies than gold 

in nanoshell formation.26 Previously, several synthetic methods 

for the fabrication of silver NS (AgNS), including a multi-step 

layer-by-layer deposition,27,28,29 a seed-mediated growth 

process,23,24,26,30,31,32 and a sonochemical deposition process,33 

have been reported. However, the previous approaches have not 

been satisfactory for an effective synthesis of a shell possessing 

the desired optical properties with its surface completely 

covered with pure silver.23,24,26,28,30,31,33,34,35 In addition, these 

methods involve time-consuming multi-step processes and it is 

difficult to control the shell thickness for tuning the SPR band. 

Hence, for in vivo application and quantification, it is necessary 

to develop a simple, reproducible, and thickness-controllable 

approach for the effective synthesis of AgNS exhibiting NIR 

plasmonic absorption. In addition, the deposition of rough 

silver shells in which stronger near-field enhancement in the 

vicinity of the metal surface can be induced is more desirable 

than that of smooth silver shells for sensitive detection with 

SERS.11,27,36 

Here, we report a reproducible and seedless, one-step synthetic 

route to a uniform bumpy silver nanoshell (AgNS) which can 

be a NIR sensitive SERS substrate. On the surface of the AgNS, 

Raman label compounds (RLCs) and biocompatible polymers 

can be incorporated. This approach allows an easy synthesis of 

a completely covered AgNS with bump-structures on its surface; 

it also enables the controllability of shell thickness in a one-step 

growth process. We demonstrate that the bumpy AgNS can 

serve as a highly sensitive and biocompatible NIR SERS probe. 

The bumpy AgNS coded with a simple aromatic compound, 4-

fluorobenzenthiol, was sensitive enough to detect Raman 

signals at a single-particle level (SERS enhancement factor: 6.4 

×105) under NIR excitation (785 nm), which might be attributed 

to a strong electromagnetic field in the vicinity of the bumpy 

structures on the AgNS surface. In vivo toxicity of AgNS-based 

NIR-SERS probes (dose=50 mg kg−1) was examined in a live 

animal, where results show no significant toxicity and side 

effect. The NIR-SERS probes were also examined using NIR 

SERS spectroscopy for their effective tracking of cells in a 
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living animal. The results herein suggest that the bumpy AgNS 

based NIR-SERS probes can potentially be used for multiplex 

in vivo molecular detection and bio-imaging applications. 

 

  
Fig. 1 Synthesis and characterization of bumpy Ag nanoshell (AgNS). a) Schematic 

illustration of a seedless and one-step synthesis of complete AgNS with bump-

structures on its surface via reduction of Ag+ by octhylamine in ethylene glycol 

solution. b) Representative SEM image of bumpy AgNS at low magnification, and 

c) at high magnification, showing narrow size distribution and bump-structures 

on the surface. d) XRD pattern of bumpy AgNS showing metallic Ag with a face-

centered-cubic (fcc) phase. 

The synthetic scheme for bump-structured AgNS as a SERS 

substrate is shown in Fig. 1a. For the seedless and one-step 

fabrication of AgNS with a uniform bumpy surface, thiol-

functionalized silica nanospheres (ca. 150 nm in diameter) were 

used as a dielectric core. The thiol functional group plays a 

crucial role in the complete and uniform formation of AgNS on 

the silica surface due to the high affinity of thiol group with 

silver. Bumpy AgNS were then synthesized via the direct and 

fast reduction of a silver precursor (AgNO3) on the silica 

surface in the presence of octylamine without deposition of 

seed metals. In this process, octylamine was used as a reducing 

agent37 as well as a capping ligand,38 which plays an important 

role for the fast formation of the silver shell under a mild 

condition (1h, room temperature) and for the control of its 

morphology and coverage on the silica surface.39 Silver ions 

(Ag+) can be readily reduced by octylamine via a single 

electron transfer from an amino group in a symmetric diol 

solution (ethylene glycol), which leads to the nucleation of Ag0 

in the vicinity of the silica surface to form a silver shell on the 

silica surface. The fast reduction kinetics of Ag+ at room 

temperature might be attributed to an increase in the reduction 

potential of Ag+ by creating an Ag+/symmetric diol chelate, 

compared to that of Ag+/ethanol chelate (cyclic voltammetry 

data is shown in ESI Fig. S1†).40 This increased reduction 

potential of Ag+ ions enables them to be effectively reduced by 

octylamine at room temperature, which leads to the facile 

formation of the silver shell for a short period of time. However, 

in the absence of octylamine, the silver shell did not form on 

the silica surface. In addition, when ethylene glycol monoethyl 

ether or ethanol was used as a medium instead of ethylene 

glycol, AgNS did not form on the silica surface at room 

temperature, as shown in ESI Fig. S2†. This result clearly 

indicates that the monohydroxyl group could not chelate Ag+ 

ions as effectively as the symmetric diol. 

 

Fig. 2 Control of silver shell thickness of bumpy AgNS and its extinction spectra. 

TEM images of AgNS obtained at a weight ratio [AgNO3/SiNP] of a) 7.5, b) 10, c) 

15, and d) 30. The white dotted circles indicate a silica nanosphere core (~150 

nm in diameter). The silver shell thickness increased gradually from ~32 nm to 

~76 nm. e) Strong linear relationship between shell thickness and weight ratio 

[AgNO3/SiNP] (r2=0.984) (mean ± S.D., n = 30). f) Extinction spectra of bumpy 

AgNS. The numbers in the acronym AgNS indicate the weight ratio, [AgNO3/SiNP], 

during synthesis. 

The typical scanning electron microscopy (SEM) images of the 

AgNSs (prepared from 1 mg of thiol-functionalized silica 

nanospheres, 3.5 mM of AgNO3, and 5 mM of octylamine) are 

shown in Figs. 1b and 1c. The low magnification of SEM 

image shows that the size of AgNS is uniform (301 ± 17 nm, n 

= 30) and a portion of the incompletely covered AgNS was less 

than 1% (counted from ca. 400 AgNSs). According to the 

elemental mapping with energy dispersive X-ray spectroscopy 

(EDX), only a silver atom was observed in case there was no 

silicon atom for a core silica particle (ESI Fig. S3†), indicating 

that the thick silver shell fully covers the silica surface without 

any vacant sites. As shown in Fig. 1c, it is interesting that, 

without post-treatment such as extra deposition or chemical 

etching process,36,41 the surface topography of AgNS has 

bumpy structures of 20-30 nm size rather than a smooth surface. 

This bumpy surface can induce stronger local electromagnetic 

field enhancement than a smooth surface, and is necessary for a 

strong SERS signal.11,27,34 The typical X-ray diffraction (XRD) 

pattern of the bumpy AgNS is shown in Fig. 1d. The sharp 

diffraction peaks corresponding to the metallic silver with a 

face-centered-cubic (fcc) phase suggests the formation of 

highly crystalline silver.31 

Next, we attempted to determine whether this seedless, one-step 

method could tune the thickness of the silver shell. The weight 

ratio of AgNO3 to silica nanospheres (SiNP) [AgNO3/SiNP] in 

solution was varied from 7.5 to 30 by decreasing the amount of 

SiNP. For the expression of the weight ratio of each sample, the 

AgNS synthesized at a weight ratio of 7.5, for example, was 

denoted as AgNS-7.5, in which the number indicates the weight 

ratio. Transmission electron microscopy (TEM) images of 

AgNS obtained from each reaction condition are shown in Figs. 

2a-2d. The thickness of the silver shell gradually increased 

from ~32 nm (AgNS-7.5) to ~76 nm (AgNS-30) with an 

increase in the weight ratio of AgNO3 to SiNP. The shell 

thickness and the weight ratio of AgNO3 to SiNP showed a 

good linear relationship (r2=0.984) (Fig. 2e), suggesting that the 

thickness of the silver shell can be precisely controlled in this 
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synthesis (details of the size and thickness of AgNS are shown 

in ESI Table S1†). It should be noted that the surface 

topography of AgNS remains bumpy, regardless of the silver 

shell thickness (see ESI Fig. S4†), indicating that octylamine 

might act as a capping agent to protect the bump structures. The 

plasmonic extinction spectra of AgNS are shown in Fig. 2f. All 

AgNSs exhibit broad extinction bands from the visible to the 

NIR region (560 nm - 1000 nm). The large extension of the 

plasmonic extinction bands of AgNS is attributed to the shell 

and bumpy structure. The broad absorption feature of AgNS 

from the visible region to the NIR region is beneficial to the 

effective excitation of AgNS by NIR incident light. 

 

Fig. 3 SERS effect and E-field distribution of bumpy AgNS. a) Normalized SERS 

intensity of the peak at 1075 cm−1 for 4-fluorobenzenethiol (4-FBT) adsorbed on 

four types of AgNSs dispersion prepared at different weight ratios [AgNO3/SiNP] 

from 7.5 to 30. SERS intensities were normalized by the Raman intensity of the 

ethanol peak at 882 cm−1. b) Relative SERS intensity of the peak at 1075 cm−1 for 

4-FBT on AgNS-10 under different excitation laser lines (532, 647, and 785 nm). 

Calculated E-field distributions of bumpy AgNS-10 under c) 532, d) 647, and e) 

785 nm excitation laser lines using discrete dipole approximation (DDA). The 

nanoshells have a 27 nm inner shell thickness, a 204 nm diameter, and a 150 nm 

diameter silica core. The outer bump-nanostructures were assumed to have half 

sphere structures with a 21 nm radii. 

To evaluate the SERS activity in the NIR window, we then 

conducted SERS measurements on bumpy AgNSs of different 

thicknesses (AgNS-7.5, 10, 15, and 30). After the 4-

fluorobenzenethiol (4-FBT) as a Raman label compound (RLC) 

was adsorbed on the surface of AgNSs, the SERS intensity of 

the 4-FBT Raman band at 1075 cm−1 was measured by NIR 

laser excitation (785 nm). As shown in Fig. 3a, AgNS-10 with a 

shell thickness of ~39-nm exhibited the strongest SERS 

intensity under NIR laser excitation. To support these 

experimental results, the electric field (E-field) enhancements 

on the bumpy AgNS of different thicknesses were calculated 

using the discrete dipole approximation (DDA) at λ = 785 nm 

(see ESI Fig. S5†). The dimensions of bumpy AgNSs were 

determined based on electron microscope images. The 

simulation results revealed that the local field enhancement 

value in bumpy AgNS-10 was highest and 1.5 times higher than 

that in AgNS-30, which are consistent with the results of SERS 

measurements. In order to obtain further insights on the SERS 

effect of AgNS as a function of excitation wavelength, laser 

lights with three different wavelengths (532, 647, and 785 nm) 

were irradiated to AgNS-10. Bumpy AgNS-10 generates SERS 

signals of 4-FBT for all the laser-lines, as can be anticipated 

from its broad extinction band (Fig. 3b). However, the strongest 

SERS intensity was obtained by NIR excitation at 785 nm, 

which is 1.7 times larger than that by the visible excitation at 

532 nm. In order to understand the optical features of broad 

excitation in SERS, and the wavelength dependency on incident 

light from the visible to the NIR range, the E-field 

enhancements on the bumpy AgNS were calculated using the 

DDA at three different excitation laser lines of 532, 647, and 

785 nm (Figs. 3c, 3d, and 3e, respectively). The DDA results 

revealed that the E-field was enhanced near the bumpy AgNS 

surface across all wavelengths and that its distribution was 

gradually increased as the wavelength of incident light varied 

from the visible to the NIR region. In addition, a highly 

localized E-field at the tips of the bumpy AgNS surface was 

shown under the NIR incident light (785 nm), which was 2.6 

times larger than the value under visible incident light (532 nm). 

These simulation results demonstrate that AgNS can generate 

very strong SERS signals at the NIR excitation region. 

 

Fig. 4 Signal sensitivity and multiplex capacity of bumpy AgNS based NIR-SERS 

probes. a) SERS intensity map with enhancement factor values of single AgNS 

particle bearing 4-FBT; the intensity map was overlaid with its corresponding 

SEM image. b) SERS spectrum obtained from a single AgNS particle bearing 4-FBT. 

c) SERS spectra of simple aromatic compounds such as 4-bromobenzenethiol (4-

BBT), 4-FBT, 4-chlorobenzenethiol (4-CBT), and 4-aminobenzenethiol (4-ABT) on 

bumpy AgNS. 

Furthermore, we performed SERS measurement on a single 

AgNS particle in the NIR window as previously reported.15 

Briefly, after the AgNS suspension was drop-cast on a 

patterned silicon wafer, SERS was measured using point-by-

point mapping with a step size of 1 µm, an integration time of 

10 s, and a 785-nm photo-excitation of 28-µW laser power. The 

same area of Raman mapping was then imaged with SEM to 

correlate the Raman map and SEM image to ensure single 

particles. Fig. 4a shows the overlaid image of the SERS 

intensity map with the SEM image of single AgNS particles, 

indicating that SERS mapping exactly corresponds to the 

position of each single particle. In addition, Fig. 4b shows a 

typical spectrum obtained from single particle SERS 

measurement. Figs. 4a and 4b demonstrate that the SERS 

signals of 4-FBT adsorbed on single AgNS particles is strong 

enough to be detected in the NIR window (average SERS 

enhancement factor is 6.4 ×105). Such highly sensitive SERS 

effect can be attributed to the bumpy structure of AgNS that has 

four times stronger E-field enhancement than that of the smooth 

AgNS or AuNS (see ESI Fig. S6†). According to the results 

obtained so far, bumpy AgNS-10 with a thickness of 39 nm is 

the most suitable NIR-active SERS substrate for sensitive 

detection and bio-imaging. We then prepared four types of 

SERS nanoprobes by introducing different RLCs including 4-

bromobenzenethiol (4-BBT), 4-FBT, 4-chlorobenzenethiol (4-

CBT), and 4-aminobenzenethiol (4-ABT) on bumpy AgNS, 

0.0

0.2

0.4

0.6

0.8

1.0

 

 

N
o

rm
a

li
z
e

d
 I
n

te
n

s
ti
y
 (

a
.u

.)

[AgNO
3
/SiNP]

7.5 10 15 30

a) b)

0.5

1.0

1.5

2.0

E
x
ti
n
c
ti
o
n
 (

a
. 
u
.)

400 600 800 1000
0.0

0.2

0.4

0.6

0.8

1.0

 R
e
la

ti
v
e
 S

E
R

S
 I

n
te

n
s
it
y
 (

a
. 
u
.) 

Wavelength (nm)

532

647

785

0.10
0.12
0.15
0.19
0.23
0.28
0.35
0.43
0.52
0.65
0.79
0.98
1.2
1.5
1.8
2.2
2.8
3.4
4.2
5.1
6.3
7.8
9.5
12
14
18
22
27
33
41
50
62
76
93100

532 nm

c)
102

10-1

100

101

/E/E0/
2

0.10

3.2

100

647 nm
102

10-1

100

101

/E/E0/
2d)

0.10
0.14
0.20
0.28
0.40
0.56
0.79
1.1
1.6
2.2
3.2
4.5
6.3
8.9
13
18
25
35
50
71
100

785 nm
102

10-1

100

101

/E/E0/
2e)

x (nm)
1500−150 −75 75

0

−75

−150

75

150

y 
(n

m
)

x (nm)
1500−150 −75 75

0

−75

−150

75

150

y 
(n

m
)

x (nm)
1500−150 −75 75

0

−75

−150

75

150

y 
(n

m
)

400 600 800 1000 1200 1400 1600 1800

 

In
te

n
s
it
y
 (

a
.u

.)

Raman Shift (cm
-1
)

4-BBT

4-FBT

4-CBT

4-ABT

3
8

2

6
2

0

8
1

2 1
0

7
5

1
5

8
5

3
8

8

1
0

7
4

1
1

3
8

1
5

7
8

1
1

8
6

1
3

8
8

1
4

3
4

1
0

0
5

7
1

3

6
3

9

3
3

7

5
3

6

1
0

5
7

1
0

8
3

1
0

9
3

1
5

6
5

4
8

8

1
0

6
7

1
5

5
9

c)a)

b)

1000 1050 1100 1150 1200

 I
n
te

n
s
it
y
 (

a
.u

.)

Raman Shift (cm
-1
)

1075

1μm

5.8 x 105

4.5 x 105

7.7 x 105

3.8 x 105

S
E

R
S

In
te

n
s
it
y

Page 3 of 7 Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name COMMUNICATION 

This journal is ©  The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 4  

which are denoted AgNS[4BBT], AgNS[4FBT], AgNS[4CBT], and 

AgNS[4ABT], respectively. Each AgNS[RLC] has its own SERS 

spectrum without overlapping with the others (Fig. 4c), and 

thus can be used as a unique barcode in the multiplexed 

detection of various target molecules. 

To improve the biocompatibility and colloidal stability of SERS 

NPs, various encapsulation materials such as silica,2,10,14,15 

poly(ethylene glycol) (PEG),5,19,20 and bovine serum albumin 

(BSA)7,21 have been used as a protective layer. In this study, 

AgNS[RLC] was encapsulated with methoxy poly(ethylene 

glycol) sulfhydryl (mPEG-SH, MW 5000) (ESI Fig. S7a†). 

PEG is well known for its ability to prevent NPs from their 

aggregation and degradation in biological systems and to 

improve their circulation time in vivo.19 In order to confirm the 

effect of PEGylation on the colloidal and signal stability of 

AgNS[RLC], the SERS signals of PEGylated AgNS[4FBT] and 

non-PEGylated AgNS[4FBT] were obtained. As shown in ESI Fig 

S7†, no significant change in the SERS intensities was 

observed from PEGylated AgNS[4FBT] stored at both room 

temperature and relatively higher temperature (50 oC), 

suggesting that PEGylated AgNS[4FBT] can exhibit great 

colloidal stability at human body temperature (~37 oC) for 

several days. However, the two-fold higher SERS signal was 

obtained from the non-PEGylated AgNS[4FBT] due to its 

aggregation, creating “SERS hot spots” after 1 day incubation 

at 50 oC. The surface morphology of all the AgNS[4FBT] 

remained the same after a stability test for a certain period of 

time according to TEM analysis (ESI Fig. S9†). Hence, we 

conclude that the PEGylated AgNS is suitable to be used as 

SERS nanoprobes for a long-term SERS detection in vivo. 

 

Fig. 5 Histological staining of major organs from NIR-SERS probes-treated mice. 

H&E stained slices for liver, spleen, kidney, and heart (left to right). The top row 

shows tissues from NIR-SERS probe treated mice. The bottom row shows tissues 

from control mice. No significant differences were observed between the NIR-

SERS probe treated mice and the control mice specimens. 

To investigate the in vivo toxicity of the PEGylated AgNS[4FBT] 

(denoted as NIR-SERS probe[4FBT]), we conducted a liver 

function test and hematologic and histologic evaluation after a 

tail vein injection of the NIR-SERS probe[4FBT] (dose=50 mg 

kg–1; based on Ag weight) to a live mouse. All mice were 

sacrificed at the same time, 3 days after the injection of the 

NIR-SERS probe. As shown in ESI Fig. S10†, SERS signals of 

the NIR-SERS probe[4FBT] were detected from the major organs 

such as the liver and spleen where NPs are normally 

accumulated.42 Hematologic evaluation results showed that the 

levels of hematological markers, white blood cells, hemoglobin, 

and platelets were not significantly changed in the NIR-SERS 

probe treated mice compared with the control group (ESI Table 

S2†). In addition, no significant differences in the levels of 

alkaline phosphate (ALP), alanine aminotransferase (ALT), 

total bilirubin, albumin, cholesterol, and γ-glutamyl transferase 

(GGT) (ESI Table S3†) were observed. No tissue damage, 

inflammation, or morphological change was found in any of the 

organs examined (liver, spleen, kidney, and heart), and no 

significant difference in histologic evaluation was found 

between the NIR-SERS probe treated mice and the control mice 

(Fig. 5). These results indicate that the testing dose of the NIR-

SERS probe (< 50 mg kg–1) did not cause any in vivo toxicity, 

which is a critical feature for further biomedical applications. 

Finally, NIR-SERS probes were applied to cell-tracking in a 

xenograft mouse model. After internalization of the NIR-SERS 

probes[4FBT] into adenocarcinomic human alveolar basal 

epithelial cells (A549 cells), the A549 cell suspension was 

subcutaneously injected into a nude mouse (ESI Fig. S7b†). 

First, we confirmed whether or not the NIR-SERS probes[4FBT] 

were successfully internalized into the A549 cells by using a 

confocal micro-Raman system before cell-tracking in vivo. 

 

Fig. 6 In vivo cell tracking using NIR-SERS probes. a) SERS intensity map of A549 

cell without treatment of NIR-SERS probes[4FBT] and b) with treatment of NIR-

SERS probes[4FBT]. The SERS intensity map was overlaid with the optical image of 

the cell. White dotted lines indicate a cell boundary. The 785 nm photo-

excitation of 31 mW laser power and light acquisition time of 1 s. c) A 

photograph showing the area of a mouse where the A549 cells containing NIR-

SERS probes[4FBT] were injected, and an optical fibre coupled Raman probe. d) 

SERS spectra of NIR-SERS probes[4FBT] obtained from a mouse as a function of 

time after injection periods from 0 to 3 days with the 785 nm photo-excitation of 

90 mW laser power and light acquisition time of 30 s. e) SERS intensities of the 

NIR-SERS probe[4FBT] peaks appearing at 1075 cm−1 in the spectra shown in (d). 

As shown in Figs. 6a and 6b, the intense SERS signal of the 

NIR-SERS probe[4FBT] was observed from the A549 cells after 

incubation with the NIR-SERS probes[4FBT] while there was no 

SERS signal from the cells without treatment of NIR-SERS 

probes. This result indicates that NIR-SERS probes can be 

internalized into A549 cells via natural endocytosis. In addition, 

the NIR-SERS probe[4FBT] showed no significant cytotoxicity in 

A549 cells up to a 0.1 nM (100 µL) concentration as shown in 

ESI Fig. S11†. After the subcutaneous injection of the A549 

cells (100 µL, 6 × 105 mL–1) containing the NIR-SERS 

probes[4FBT] into a gluteal region of a nude mouse, the SERS 

spectra were measured from the injected region using an optical 

fiber coupled portable Raman with 785 nm photo-excitation 

(Fig. 6c). As shown in Figs. 6d and 6e, the intense SERS 

signals (1075 cm–1) of the NIR-SERS probe[4FBT] were observed 

from the injected area of the mouse immediately after cell 

injection. In addition, the SERS signal remained intense for two 

days after injection. However, the SERS intensity of the peak at 

1075 cm–1 decreased after three days. We speculate that this 

diminution of the SERS signal could be caused by cell division 

that leads to the dilution of the NIR-SERS probe[4FBT] inside the 

cells as previously reported.43 This result demonstrates that 

NIR-SERS probes based on bumpy AgNS were successfully 
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applied to cell tracking in living animals using a portable 

Raman system. 

In summary, we have developed NIR active, ultrasensitive, and 

biocompatible SERS probes based on AgNS with bump-structures 

by using the seedless one-step deposition method. The NIR SERS 

activities of bumpy AgNS were tuned by adjusting the thickness of 

the silver shell (ca. 32-76 nm). They exhibited strong Raman signals 

at the single-particle detection level, which had originated from 

highly enhanced E-field at the tips of bumps on the AgNS surface. In 

addition, the NIR-SERS probes exhibited high colloidal stability and 

no significant in vivo toxicity applicable for long-term in vivo cell 

tracking. The A549 cells labeled with NIR-SERS probes[4FBT] were 

subcutaneously injected into a nude mouse and successfully tracked 

in vivo for three days. The bumpy AgNS based NIR-SERS probe is 

an ultrasensitive nanoprobe the potential application of which can be 

considered in diagnostic platform development, in vivo high 

throughput screening of bio-ligand, and image-guided therapy. 
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Graphical Astract 

Title : One-Step Synthesis of Silver Nanoshell with Bumps for 

Highly Sensitive Near-IR SERS Nanoprobes 

Based on AgNS with bump-structures, the NIR active, ultrasensitive, and biocompatible 

SERS probes were developed and applied for in vivo cell tracking in a live animal. 

 

Page 7 of 7 Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t


