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CNTs-anchored egg shell membrane decorated with
Ag-NPs as cheap but effective SERS substrates

Meiling Wang', Guowen Meng"*", Qing Huang’, Haibin Tang', Zhongbo Li' and Zhuo Zhang'

We report a simple approach for the fabrication of cheap but
effective surface-enhanced Raman scattering (SERS) active
substrates consisting of natural egg shell membrane (ESM)
grafted with Ag-nanoparticles (Ag-NPs) decorated carbon
nanotubes (CNTs) (denoted as Ag-NPs@CNTs@ESM), via ul-
trasonic adsorption of CNTs on the ESM and the subsequent
Ag-sputtering. As high density Ag-NPs were sputtered onto
each CNT anchored on the ESM nanofiber, homogeneous na-
noscaled gaps between the neighboring Ag-NPs were achieved,
leading to high SERS activity with excellent SERS signal homo-
geneity over the whole membrane. Using the Ag-NPs@CNTs@
ESM membranes as SERS-substrates, methyl parathion (one
of the most hazardous insecticides), PCB-3 (one congener of
polychlorinated biphenyls belonging to persistent organic pol-
lutants) and bovine serum albumin (BSA, biomolecules) with
a concentration down to 10" M, 10° M and 0.1 ppb were de-
tected respectively, showing promising potentials in rapid trace
detection of environmental pollutants and biochemicals.

INTRODUCTION

Surface-enhanced Raman scattering or spectroscopy
(SERS), as a nondestructive and powerful trace detection
technique for target molecules, has been extensively ex-
plored for probing explosives, toxins and narcotics due to
its high sensitivity, rapid response and fingerprint identifi-
cation [1-5]. Silver nanostructures, with extraordinary lo-
calized surface plasmon resonance (LSPR), are widely em-
ployed as building blocks for effective SERS substrates with
remarkable applications [6]. Great efforts have thus been
devoted to the development of Ag-based SERS substrates.
As three-dimensional (3D) SERS substrates can offer large
surface area with high density of “hot spots’, fabrication
of 3D SERS-substrates has also aroused special attention.
One strategy to develop 3D SERS-substrates is to combine
Ag nanostructures with robust 3D-frameworks. Compared
with the dispersed Ag colloidal nanoparticles (NPs), deli-
cate spatial arrangement of Ag-NPs on the 3D-frameworks
may ensure better reproducibility and reliability of SERS

signals, and also provide additional signal enhancement
due to the newly generated “hot spots” and possible cavity
resonances [7-9]. Thus much effort has been made on the
fabrication of SERS substrates with various arrangements
of Ag nanostructures on nonplasmonic 3D-frameworks
with high uniformity [6-17]. However, sophisticated fab-
rication procedures with high cost are usually required
in the previously reported studies, which are time/ener-
gy-consuming. Therefore, it is still a challenge to achieve
cost-effective Ag-nanostructure based 3D SERS substrates
via facile methods. Furthermore, if natural material can be
used as 3D-frameworks, it must be appealing.

For 3D SERS substrates, the major SERS effect stems
from large surface area with large numbers of nanogaps
known as “hot spots” [18]. Egg shell membrane (ESM), as
a natural and green semi-permeable membrane, is mainly
composed of interwoven and coalescing nanofibers, and
thus intrinsically possesses large surface area. So ESM may
be utilized as 3D-frameworks to load high density Ag-NPs
for effective SERS substrates. However, the homogeneity for
SERS signal can be critically affected by the irregular micro-
pores in the interwoven fibers on the ESM. To achieve high
uniformity and reproducibility of SERS signals, the micro-
structures of ESM should be properly modified. Carbon
nanotubes (CNTs), due to their fascinating adsorbability to
small molecules and simplicity in fabrication, were selected
as the modification material for the ESM. Via ultrasonic
adsorption, CNTs can be uniformly decorated onto the
surface of each ESM nanofiber (denoted as CNTs@ESM
membrane). Furthermore, via simple Ag-sputtering, zero
dimensional (0D) Ag-NPs can be easily assembled onto the
surface of the one-dimensional (1D) CNTs [18]. And these
unique 0D@1D composite nanostructures can be benefi-
cial to the enhancement of the local electromagnetic field
and the corresponding SERS signal owing to the formation
of abundant “hot spots” [18]. Furthermore, due to the ex-
cellent adsorbability of the CNTs to small molecules, tar-
get molecules can be readily captured by the CNTs@ESM
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composite membrane, thus the SERS sensitivity would be
significantly improved.

Herein, we present a simple and cheap approach for the
fabrication of self-supported 3D SERS-active membranes
of networked ESM grafted with Ag-NPs decorated-CNTs
(denoted as Ag-NPs@CNTs@ESM), via a combinatorial
process of ultrasonic adsorption of CNTs onto the surface
of each ESM nanofiber and the subsequent Ag-sputter-
ing, as shown schematically in Fig. 1. The assembled Ag-
NPs on the outer surface of the CNTs are the key building
blocks to achieve high SERS activity, which facilitate tar-
get molecules to be trapped onto the “hot spots” directly.
The as-prepared Ag-NPs@CNTs@ESM membrane can
provide not only a high density of “hot spots’, but also a
large surface area for adsorbing target molecules, ensuring
the highly sensitive SERS detection of target analytes. The
Ag-NPs@CNTs@ESM substrates were utilized for probing
Rhodamine 6G (R6G), and a low detection limit of 1x107*3
M has been achieved. To further demonstrate the practi-
cal applicability of the Ag-NPs@CNTs@ESM substrates
for SERS detection of organic pollutants and biomolecules,
methyl parathion (one of the most hazardous insecticides),
PCB-3 (one congener of polychlorinated biphenyls belong-
ing to highly toxic persistent organic pollutants) and bo-
vine serum albumin (BSA, biomolecules) were used as the
target molecules. And the Ag-NPs@CNTs@ESM substrates
exhibited excellent sensitivity even for 10~'' M methyl para-
thion, 10 M PCB-3 and 0.1 ppb BSA, showing promising

potential in SERS-based trace detection of organic pollut-
ants and biomolecules.

EXPERIMENTAL DETAILS

Fabrication and characterization of the Ag-NPs@CNTs@
ESM 3D SERS substrates

Briefly, the ESM was obtained by dissolving the egg shell
with a 10% acetic acid solution, and washed with deionized
(DI) water and ethanol for several times. Scanning electron
microscopy (SEM) observation on the ESM membrane
reveals interwoven 3D networked nanofibers with diam-
eters of 500-1000 nm (Figs 2a—c). The obtained ESM was
treated with ammonia (immersed in a 1:10 (v/v) ammonia
spirit solution for 30 min) before CN'Ts modification. 50
mg carboxylated CNTs with diameters of 30-50 nm were
dispersed into 100 mL DI water and ultrasonicated for 60
min before use. Then the ammonia-treated ESM was put
into the carboxylated CNTs solution and subjected to ultra-
sonication for 1 min, resulting in a CNTs-decorated ESM
membrane, as shown in the SEM image (Fig. 2d).The ul-
trasonic treatments induced the CNTs to uniformly adsorb
onto the surface of the ESM nanofibers (denoted as CNTs@
ESM) due to the strong interactions between the carboxyl-
ated CNTs and the ammonia-treated ESM. Obviously, the
surface area of the ESM was further enlarged after CNTs
decoration. The thickness of the resulted CNTs@ESM
membrane was about 20 um (see Fig. S1). All the above
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Figure 1 Scheme for the fabrication of the Ag-NPs@CNTs@ESM composite SERS substrate.
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Figure 2 (a, b) SEM images of the ESM membrane at different magni-
fications; (c, d) SEM images of the ESM membrane before and after the
decoration of CNTs at the same magnification; (e, f) SEM images of the
Ag-NPs@CNTs@ESM substrate at different magnifications.

experiments were performed at ambient temperature.

As effective SERS substrates need abundant “hot spots”,
the CNTs@ESM membrane was subjected to Ag-sputter-
ing to obtain nanogaps between the adjacent SERS-active
Ag-NPs. It was observed that the ESM membranes with
white color changed to black after being assembled with
CNTs, and then became silvery after Ag-sputtering (shown
in Fig. 1), confirming the formation of Ag-NPs@CNTs@
ESM. As shown in Figs 2e and f, for Ag-sputtering dura-
tion of 12 min, Ag-NPs of ~10 nm in size densely and uni-
formly covered each CNT and each ESM nano fiber, so that
nano-scaled gaps (<10 nm) between the adjacent Ag-NPs
were formed, resulting in “hot spots” that can provide sig-
nificant electromagnetic enhancement.

Raman spectra measurements

To estimate the SERS activity of the as-prepared Ag-NPs@
CNTs@ESM composite substrates, R6G was chosen as the
target molecule. Firstly, the Ag-NPs@CNTs@ESM sub-
strates were incubated in an aqueous solution containing
different concentrations of R6G in the dark for 1 h. Then
the Raman spectra of dried R6G on the Ag-NPs@CNTs@
ESM composite substrates were measured using a confo-
cal microprobe Raman spectrometer (Renishaw Invia, 532
nm laser line). All SERS spectra were acquired with a laser
power of 0.1 mW and an acquisition time of 5 s.

200

RESULTS AND DISCUSSION

SERS activity evaluation of the Ag-NPs@CNTs@ESM

As the networked Ag-NPs@CNTs@ESM composite sub-
strates have porous structures with huge surface area, the
probed target molecules can diffuse promptly onto the en-
tire surface, which can reduce the response time and en-
hance the SERS signal intensity simultaneously. For control
experiment, the SERS spectra of 10 M R6G adsorbed on
the Ag-sputtered ESM membrane with and without CNTs
decoration (denoted as Ag-NPs@ESM) were collected
(SEM image of the Ag-sputtered ESM membrane without
CNTs decoration are given in Fig. S2), as shown in Fig. 3a,
revealing that almost no SERS signal is observed for the
ESM membrane without CNTs decoration compared with
that of the Ag-NPs@CNTs@ESM. This result indicates that
the CNTs modified on the ESM nanofibers make great
contributions to the SERS efficiency of the composite sub-
strates. In order to clarify this, we compared the SEM im-
ages of the Ag-NPs@CNTs@ESM and the Ag-NPs@ESM
at the same magnification (Fig. $3), and it was proved that
for the Ag-NPs@CNTs@ESM, uniform Ag-NPs of about 10
nm in size were formed, which gave rise to large quanti-
ties of nanogaps of sub-5 nm, while for the Ag-NPs@ESM,
nonuniform Ag-NPs of about 20 nm in size were formed,
resulting in nonuniform and large interparticle gaps.
Therefore, the presence of the CNTs has greatly improved
the uniformity of the Ag-NPs and reduced the interparti-
cle gaps, which greatly improved the SERS activity of the
substrates. Furthermore, the superior adsorption and col-
lection capability of the CNTs (see Part S1 in the supple-
mentary information) to small molecules also made great
contributions to the outstanding SERS property of the Ag-
NPs@CNTs@ESM.

To optimize the SERS activity of the Ag-NPs@CNTs@
ESM substrates, SERS spectra of 10® M R6G were mea-
sured using substrates with different Ag-sputtering dura-
tions from 4 to 18 min (sputtering current was all set at 40
mA). As shown in Fig. 3b, the Raman activity is enhanced
sharply with the sputtering duration increase from 4 to 12
min, while obviously decreased for longer Ag-sputtering
duration. Variations of the SERS activity with different
Ag-sputtering durations can be ascribed to the morpho-
logical evolution of the substrate. For short Ag-sputtering
duration, i.e., 4 to 10 min, only a few efficient “hot spots”
(gaps between the adjacent Ag-NPs) were formed on the
surface of the CNTs@ESM (see Fig. S5a), leading to a lower
SERS activity; when the Ag-sputtering duration increases
to 12 min, large quantities of “hot spots” are formed (Fig.
2f), resulting in higher SERS signals. However, when the
Ag-sputtering duration further increases, the SERS intensi-
ty decreases dramatically (Fig. 3b), being attributed to the
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Figure 3 (a) The SERS spectra of 10~ M R6G collected on the Ag-NPs@CNTs@ESM (red line) and Ag-NPs@ESM (black line) (Ag sputtering for
4 min) respectively; (b) SERS spectra of 10-* M R6G collected on the substrates with Ag-sputtering for 4-18 min; (c) SERS spectra of different con-
centrations of R6G adsorbed on the Ag-NPs@CNTs@ESM substrate with Ag-sputtering for 12 min; (d) SERS spectra of 10-* M R6G at 23 randomly

selected locations of the substrate.

fact that continuous sputtering of Ag results in the aggre-
gation of the Ag-NPs and the disappearance of the gaps
(“hot spots”) between the adjacent Ag-NPs (see Fig. S5b).
Thus, it is concluded that the Ag-NPs@ CNTs@ESM with
Ag-sputtering duration of 12 min shows the optimal SERS
condition, which was therefore applied for SERS detection
for the following work.

The SERS spectra of R6G with different concentra-
tions adsorbed on the Ag-NPs@CNTs@ESM substrate
with Ag-sputtering duration of 12 min are shown in Fig.
3¢, revealing that Raman spectral feature of R6G is clear-
ly recognized and the SERS signal intensity increases with
the increase of R6G concentration. Even when the R6G
concentration is down to 107* M, the R6G Raman charac-
teristic bands can still be distinctly identified with a high
signal-to-noise ratio, showing the high sensitivity of the
as-prepared Ag-NPs@CNTs@ESM substrate.

The homogeneity and reproducibility of the SERS-ac-
tive substrate are crucial to the SERS-based quantitative
analysis. The homogeneity of our 3D SERS substrates over
large areas was investigated by measuring the SERS spectra
of 10® M R6G at 23 randomly selected positions on the
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Ag-NPs@CNTs@ESM membrane under identical Raman
test conditions. As shown in Fig. 3d, the average relative
standard deviation of the intensities (the peak at 614 cm™
for example) is less than 20%, revealing a good uniformity
across the entire area of the SERS substrate. On the whole,
the SERS activity and homogeneity are ascribed to the
dense packing and the uniform distribution of the Ag-NPs
on the surface of the CNTs@ESM membrane.
Furthermore, 4-aminothiophenol (4-ATP) was used
to evaluate the average SERS enhancement factor (EF) of
the Ag-NPs@CNTs@ESM substrates. The calculated EF is
1.25x107 (details can be found in Part S2 in the Supplemen-
tary information), and the high EF value of the Ag-NPs@
CNTs@ESM 3D substrates can be ascribed to the strong
electromagnetic enhancement of the Ag-NPs located on
the surface of the CNTs@ESM membrane [10]. In addition
to the strong electromagnetic enhancement from the “hot
spots” located on the same single CNT, our finite element
analysis illustrates that electromagnetic enhancement in-
duced by Ag-NPs on the neighboring CNTs also make con-
tributions to the effective SERS signal of the as-prepared
Ag-NPs@CNTs@ESM composite substrates (see Fig. S7).
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Taken together, the strong SERS effect is resulted from the
electromagnetic enhancement due to the “hot spots” on the
same CNT and the coupled electromagnetic enhancement
from the neighboring Ag-NPs on different CNTs.

SERS-based detection of methyl parathion, PCB-3 and BSA
using the Ag-NPs@CNTs@ESM substrate

For practical application, the Ag-NPs@CNTs@ESM was
used as 3D SERS substrates for sensitive detection of
methyl parathion, PCB-3 (4-chlorobiphenyl) and BSA.
As shown in Fig. 4a, the spectral feature characteristics of
methyl parathion can be clearly identified, and the methyl
parathion molecules give a good signal-to-noise ratio even
for a concentration as low as 107! M, further confirming
the high SERS sensitivity of the Ag-NPs@CNTs@ESM as
3D SERS substrates for organic pollutants. The SERS spec-
tra of different concentrations of PCB-3 are given in Fig.
4b, showing distinctive SERS peaks belonging to PCB-3,
which correspond very well with the Raman spectrum of
PCB-3 powder (black curve in Fig. 4b). And even for 10°°
M PCB-3, the crucial characteristic peaks of PCB-3 can still
be distinguished, revealing that the Ag-NPs@CNTs@ESM
as 3D SERS substrates have high sensitivity to PCB-3. Fur-
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Figure 4 SERS spectra of (a) methyl parathion insecticide and (b) PCB-
3 at different concentrations with Ag-sputtering for 12 min. The black
curve in (b) is the SERS spectrum of PCB-3 powder.
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thermore, the Ag-NPs@CNTs@ESM was also employed
to probe BSA in solution, a protein widely used in biotic
experiments, and the detection lower limit can reach 0.1
ppb (Fig. S8). As the major constitutes of the ESM is inter-
woven and coalescing protein, which is insoluble in most
solvent, and is chemically inert at ambient temperature, the
chemical stability of the ESM during the detection is ex-
cellent. Therefore, the environmentally friendly Ag-NPs@
CNTs@ESM, as a cheap but effective SERS substrate, has
the promising potential to be used as a general assay for
rapid trace detection of organic pollutants and chemical/
biological analytes.

CONCLUSIONS

In summary, we have presented a simple and cheap method
to fabricate flexible and self-supported 3D SERS substrates
consisting of Ag-NPs decorated-CNTs grafted on the nano-
fibers of the egg shell membrane. The 3D SERS substrates
possess both abundant“hot spots” and a huge surface area
to capture target molecules, which ensure their excellent
SERS activity. For practical application, the 3D SERS sub-
strates were utilized to probe R6G, methyl parathion, PCB-
3 and BSA, and low concentrations down to 107", 107",
107 M and 0.1 ppb were reached respectively, showing the
promising potential in SERS-based rapid detection of pol-
lutants in the environments and biomolecules in medical
fields. As effective 3D SERS substrates, the fabrication pro-
tocol of the Ag-NPs@CNTs@ESM is fairly simple, and es-
pecially the raw materials are low-priced and environmen-
tally friendly, which is essential for mass production and
extensive utilization. Such a design concept and fabrication
strategy for the 3D substrates using natural ESM may open
a new avenue to the building of 3D hybrid SERS substrates
for other SERS-active noble metal nanostructures.
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