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Femtogram Cytokine Detection in a Direct Dot-Blot 

Assay Using SERS Microspectroscopy and 

Hydrophilically Stabilized Au/Ag Nanoshells   

Yuling Wang, Mohammad Salehi, Max Schütz and Sebastian Schlücker* 

Rapid parallel detection of two cytokines (IL-6 and IL-8) with 

femtogram sensitivity in a simple direct dot-blot assay is 

demonstrated. The corresponding microspectroscopic SERS 

acquisition scheme employs rationally designed, 

hydrophilically stabilized Au/Ag nanoshells as SERS labels 

optimized for signal enhancement upon red laser excitation. 

Cytokines are a prominent and diverse group of signaling proteins, 
which regulate a broad range of biological functions including 
immunological processes, inflammatory responses, and the 
interaction between different biological pathways.1 Typically, a 
whole group of cytokines is involved in the corresponding  biological 
or disease process, which requires a comprehensive analysis of 
multiple cytokines down to very low concentrations  for investigating 
the underlying mechanism of the disease state. Therefore, the 
development of highly sensitive and quantitative bioanalytical 
approaches for multiplexed cytokine detection may contribute to a 
more detailed monitoring and understanding of cytokine biology, 
biochemistry and their possible involvement in pathology. 
Traditional approaches for the detection of cytokines include 
bioassays in general and immunoassays in particular.  The standard 
approach, enzyme-linked immunosorbent assay (ELISA), has a 
detection limit of about 10~20 pg/mL for the cytokine interleukin-6 
(IL-6).2 
Surface-enhanced Raman scattering (SERS) immunoassays are  an 
attractive alternative to ELISA- and fluorescence-based approaches, 
particularly with respect to the parallel detection of multiple analytes 
(multiplexing) due to the narrow line width of vibrational Raman 
bands in combination with sensitivity and photostability.4 Sandwich 
immunoassays are already widely used for protein detection by 
SERS.5 However, this strategy usually involves long incubation 

times and multiple washing steps, which is time consuming and 
labor-intensive.6 Direct immunoassays, which have the advantages of 
being simple and fast, are the most often applied platform in 
fluorescent and colorimetric detection schemes.7 Depending on the 
affinity of the label to the target and a particular type of 
nanoparticles, the detection limit ranges between femtomole to 
attomole as reported.8Recently, Keiderling and co-workers 
introduced a direct SERS immunoassay for protein detection on 
nitrocellulose (NC) membrane using gold-silica nanoshells as SERS 
labels with a detection limit of ca. 1.25 ng.9 
In this contribution, we demonstrate rapid cytokine detection with 
femtogram sensitivity in a simple and direct dot-blot assay by using 
rationally designed, hydrophically stabilized Au/Ag nanoshells with 
optimized optical properties for maximum Raman enhancement. 
Fig.1A shows the principle of this direct dot-blot SERS 
immunoassay for duplex cytokine detection on a NC membrane. 
Very small volumes (1 µL) of the solutions containing the cytokines 
(recombinant IL-6 and interleukin-8 (IL-8), respectively) were 
deposited on the NC membrane to form an antigen dot with a 
diameter of ~1-2 mm.10 After blocking with bovine serum albumin 
(BSA), the SERS-labeled antibodies (anti IL-6 and antiIL-8, 
respectively) bind to their corresponding antigen. At larger antigen 
concentrations (103 and 104 pg/mL) the immune-complex can be 
detected even by the naked eye (Fig. 2). Au/Ag nanoshells with 
tunable localized surface plasmon resonances (LSPR) have been 
shown to provide strong Raman signal enhancement for Raman 
reporter molecules chemisorbed on their surface.11 In our previous 
work the benefit of hydrophilically stabilized Au/Ag nanoshells for 
controlled bioconjugation12 and their high stability under 
physiologically relevant conditions were demonstrated.13 Herein, 
hydrophilically stabilized Au/Ag nanoshells were further employed 
for rapid duplex cytokine detection in a direct dot-blot assay with 
very high sensitivity requiring only very small sample volumes 
(femtogram level with 1µL sample volume). Fig. 1B shows the 
rationally designed Au/Ag nanoshells with a complete self-
assembled monolayer (SAM) of hydrophilically stabilized Raman 
reporters (Ra) on their surface. The actual Raman reporter moieties 
(aryl thiols: 2-nitro-5-thiobenzoate, NTB, and 4-mercaptobenzoic 
acid, 4-MBA) are covalently conjugated to a short monoethylene 
glycol spacer with a terminal OH group (MEG-OH) and a longer tri-
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PBS buffer as the control indicated in Fig. S4 (ESI). No dots were 
observed and almost no Raman signals were detected in these 
negative controls. In comparison, dot and SERS intensity are 
stronger for the IL-6 even at the low concentration of 100 pg/mL. 

 

Due to the unique multiplexing capability of SERS, duplex cytokine  
detection was further tested by choosing IL-8 as another distinct 
target markers because IL-6 and IL-8 are important proinflammatory 
proteins and involve with recruitment of inflammatory cells.1, 18 
Duplex SERS labels were first optimized to give comparable SERS 
intensities.19 After incubation of the SERS-labeled antibodies onto 
the NC membrane comprising dots of the two antigens, the spectral 
signatures of the two SERS-labels could be simultaneously identified 
(Fig. 4). Figure 4A shows the corresponding SERS false-color 
images. The total amount of protein was kept constant, but the ratio 
of the two cytokines (IL-6:IL-8) was varied from 0:1 (left), 1:10, 1:5, 
to 0:1 (right). With an increasing ratio IL-6:IL-8 the SERS intensity 
of NTB (SERS label for IL-6) at 1340 cm-1increases, while the SERS 
intensity of MBA (SERS label for IL-8) at 1589 cm-1decreases. 
Average SERS spectra determined from the SERS 
microspectroscopic data are  displayed in Fig. 4B and C. Overall, 
these results indicate that the SERS label-antibody conjugates 
selectively bind to IL-6 and IL-8, respectively. 
 

In summary, a simple and rapid platform for duplex cytokine 
detection was developed, which could significantly increase the 
sensitivity (down to 1 pg/mL), employs very low sample volumes (1 

µL), and simplifies the assay preparation process without a labor-
intensive procedure. This SERS platform is achieved by using 
Au/Agnanoshells as the enhancing plasmonic material and the dot-
blot membrane as the supporting substrate. Hydrophilically stabilized 
Au/Ag nanoshells provide terminal COOH moieties for controllable 
bioconjugation of the antibody on the nanoshells surface and high 
stability under physiologically relevant conditions. Using the Raman 
peak from NC at 1288 cm-1 as an internal standard peak, a 
quantitative detection of two cytokines with high biological 
relevance was achieved. Finally, we have also demonstrated the 
multiplexing potential of this simple, fast and sensitive bioanalytical 
detection platform. 
We acknowledge financial support from the Alexander von 
Humboldt (AvH) foundation and the State of Lower Saxony 
(EFRE/W2-80111700). 
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Fig.4. Typical false-color SERS images (A) for duplex cytokine detection. 
The total protein amount was kept constant, but the IL-6/IL-8 ratio was 
varied from 0:1, 1:10, 1:5 to 1:0. Average SERS spectra (B and C) were 
determined from the corresponding SERS microspectroscopic data. 
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