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Iodide adsorption and electrochemical negative potential

desorption were proposed and compared to obtain clean SERS

substrates. The two methods can effectively eliminate the inter-

ference of surface impurities in the SERS detection. SERS

signals of membranes of living cells with a good reproducibility

have been obtained.

Raman spectroscopy can obtain rich structural information to

identify chemicals and biological samples with the vibrational

fingerprints, and the Raman signal of water is very weak. So it

is well suited for studying living cells in systems containing

water. Recently, there has been increasing interest in this

area.1 However, its broader application is still limited by the

inherent weak signals of most normal Raman processes.2,3

This weakness has been overcome at least partially by using

surface-enhanced Raman spectroscopy (SERS). SERS can

enhance the Raman signals of target species adsorbed on Ag

or Au metallic nanostructures by as much as 6 to 14 orders of

magnitude, which even allows detection of the signal of single

molecules.4–8 Therefore, SERS is a promising technique highly

sensitive for analysis of living cells.

The existing SERS methods developed for studying living

cells can be sorted into two categories: indirect detection and

direct detection. In the indirect detection, nanoparticles

labelled with some molecular tags or markers with extremely

strong Raman signals are used to trace the interaction of the

nanoparticles with specific components of living cells, which

is similar to other probe methods, such as fluorescence

spectroscopy.9–12 It has provided some information comple-

mentary to other spectroscopic methods. The biggest

advantage of the direct method is the multiplex capability,

benefiting from the narrow width of the Raman band, and the

excitation with a single wavelength. But the molecular

signatures of the target system will be lost. In the direct

detection, nanoparticle sols13–17 or solid SERS substrate18,19

are used to interact directly with the living cells to obtain the

rich molecular and structural information of them. The direct

use of well-dispersed nanoparticle sols for SERS study of

living cells is quite challenging, because they can only give

relatively weak SERS signals, especially before aggregation.20

Furthermore, the surfactants inherited from the synthesizing

process can not be completely removed by centrifugation

without sacrificing the stability of the nanoparticles. A

common practice in SERS to enhance signal is to use a solid

substrate, which can be prepared by dispersing the sols cleaned

by centrifugation on a solid substrate. Usually a compact layer

of nanoparticles will form on the substrate after several cycles

of dispersion and drying, which can provide very high

enhancement and a relatively good surface uniformity.21 How-

ever, such a compact layer will reduce the optical transparency

of the substrate, hampering the SERS study with an inverted

microscope commonly used for studying living cells. Further-

more, the surfactants and reductants will remain on the

surface and are difficult to remove, which will severely inter-

fere with the SERS detection of cells.

In this respect, we decided on a trade off between the SERS

signal uniformity and optical observation and employed the

commonly used self-assembly method to assemble Au nano-

particles22 on the 3-aminopropyltrimethoxysilane (APTMS)-

functionalized surfaces of indium tin oxide (ITO),23 as shown

in Fig. 1. Again, the substrates prepared using this method

during the synthesis or the assembly process will still be

inevitably covered by reductants or surfactants showing peaks

Fig. 1 Schematic diagram of the self-assembly processes of Au

nanoparticles on an ITO glass substrate and the SERS detection of

living cell membrane by using the assembled clean SERS substrate.
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in the spectral range of 1400–1500 cm�1, even for adsorbates

as strong as pyridine (see Fig. S1, Supporting Information).

These species may occupy the hot spot regions of the mostly

enhanced electromagnetic field, which will on the one hand

block the surface sites for target molecules, especially those

with a weak interaction with Au, and on the other hand

severely interfere with the analysis of SERS spectra, especially

for a complex unknown system like a living cell.

Much effort has been devoted to cleaning SERS

substrates.24–26 There is still no effective method that can

avoid re-adsorption of impurities, reduction of surface

adsorption sites and decrease of SERS enhancement. On the

other hand, some biomolecules on the membrane of a living

cell are dynamic and one would expect a dynamic changing

signal in SERS. Therefore, to minimize the signals of impu-

rities on the SERS substrate while retaining the SERS activity

is crucially important to the applicability of SERS to the study

of living cells. To this end, two methods were developed to

obtain SERS substrates with minimal surface impurities and

to improve the affinity of the substrate with some special bio-

logical molecules on the surface of cell membranes.

The first method utilizes the electrochemical desorption

of reductants and surfactants at an appropriate negative

potential. The potential dependent SERS study of the sub-

strate in the absence of any adsorbates reveals that the signal

of impurities approaches the minimum at�0.7 V in 0.1 mol L�1

NaClO4 solution (Fig. S2a). The time dependent study of the

same system at �0.7 V reveals that an immersion time of

10 min gives a clean spectral background. The potential and

the immersion time were then chosen as the optimal condition

for cleaning (Fig. S2b). To prevent the re-adsorption of the

contaminants, the substrate was taken out of the solution

with the potential control on while being rinsed with a fresh

0.1 mol L�1 NaClO4 solution until it lost contact with the

solution.

The second method is simply to dip the SERS substrate into

a solution containing 0.1 mol L�1 KI solution for 10 min

followed by rinsing with water. Iodide can be strongly

adsorbed on Au surfaces forming the strong Au–I bond at

158 cm�1 and easily replace the existing impurities and prevent

re-adsorption of impurities or those species with a weak

interaction with Au, showing a clean background in SERS

spectra (see Fig. S3). Iodide has no effect on the physiological

activity of cells when the concentration is lower than 3 �
10�2 mol L�1.27 In fact, even when the whole surface is

covered by iodide, iodide concentration is still much lower

than the threshold value. Thus, iodide protected substrates can

be conveniently used for study of living cells.

The SERS spectra of living cells obtained on the surface of

an unclean substrate and two substrates cleaned by negative

potential and iodide replacement are shown in Fig. 2

(see supporting information for experimental procedures).

Compared with the unclean substrate, the SERS spectra from

the clean substrates show a better reproducibility with time.

On the cleaned substrates, the bands located at 1000 cm�1,

1034 cm�1 and 1200 cm�1 (or 1204 cm�1) are from phenyl-

alanine (Phe) and tyrosine (Tyr), see Fig. 2b and c,14,15,28

which could not be easily detected on the untreated substrate.

Phe and Tyr are aromatic amino acids and can form peptides

with cysteine that has a thiol group and can be strongly

adsorbed on Au surface by forming the strong Au–S to replace

Au–I, producing a strong SERS signal.29

It should be noted that even on the cleaned surfaces, we still

observed quite different SERS signals at different positions of

the cell membrane, as shown in Fig. 3. Three representative

positions on a membrane of each cell (marked with yellow

numbers) were selected for both negative-potential and KI

treated substrates. Spectra Blank in Fig. 3 are from the same

SERS substrate but at a position in the absence of cells. From

the figure, we are surprised to find that although two sub-

strates were treated by different methods, the bands of Phe and

Tyr (1000 cm�1 and 1034 cm�1) were both obtained. But, it

should be pointed out that the frequencies of most other bands

from a cell with a high reproducibility in Fig. 3a are quite

different from that in Fig. 3b. Clearly, the cell membrane is

chemically inhomogeneous and some of the biomolecules in

the cell membrane may move around. Therefore, it is under-

standable considering the inherent inhomogeneity of a cell

membrane and differences in each cell and the treatments of

the substrates.

A common strategy to overcome this problem is to average

the SERS spectra from the same cell to obtain the representa-

tive signature of the cell.7 To this end, we chose four cells for

each substrate and three representative positions on each cell

similar to that in Fig. 3. Three to five spectra were acquired at

each position. Each spectrum in Fig. 4 is an average of

10–15 spectra. For both substrates, the number of peaks with

good reproducibility decreases after average. The 1000 cm�1

and 1034 cm�1 bands can be observed. Furthermore, the

bands at 1145 cm�1 and 1358 cm�1, which may be assigned

to deoxyribose-phosphate and proteins,14,15 were also

detected. It is interesting to find that the average SERS spectra

Fig. 2 Time-dependent SERS of cell membranes from (a) the unclean

substrate, (b) the substrate cleaned at�0.7 V for 10 min in 0.1 mol L�1

NaClO4 solution, and (c) the substrate cleaned by immersing in 1 �
10�3 mol L�1 KI solution for 10 min. The acquisition time for each

point was 10 s, and the laser power at the sample was 1 mW. Yellow

star marks the measurement spot.

Fig. 3 SERS spectra of cell membrane obtained at different spots of

the same cell from substrates cleaned (a) at a negative potential and (b)

in 1 � 10�3 mol L�1 KI. All the conditions are the same as Fig. 2.
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of different cells cultured on the KI treatment substrate are

quite similar to each other (Fig. 4a and b) and the reprodu-

cibility is apparently better than for the negative desorption

method. The time dependent SERS spectra obtained at the

same spot of the same cell on the two types of substrates also

reveal a slightly better reproducibility of the KI immersion

method compared with the negative potential one.

To understand the different behaviors of the two types of

substrate, it will be worthwhile to compare the SERS spectra

of the KI treated substrate before and after the cell adhesion

(Fig. S3 and S5). After the adhesion of cells, the band at

158 cm�1 of Au–I vibration becomes weaker (see Fig. S5), and

a strong and broad band appears at 286 cm�1 coming from

Au–S vibration, indicating that part of the iodide has been

replaced by the cellular components via the stronger Au–S

interaction. Therefore, the advantage of the present cleaning

method lies in the fact that we can selectively detect the SERS

signal coming from the cellular components that can compete

with iodide and be directly attached to the Au surface. Mean-

while, the other regions of the substrate are still covered by

iodide. In this way, it can prevent the direct adsorption of

those weakly and dynamically adsorbed species from the

solution on the Au substrates. Thereby, it can minimize the

signal variation and the interference in the SERS detection of

the living cell. On the other hand, the negative potential

desorption method can provide a substrate with open surface

sites for adsorption. Therefore, all species can be attached to

the surface, which may produce much rich information, but

also more dynamic spectral response. The combination of the

two methods may provide more complete information on the

living cell systems.

In summary, we propose an electrochemical negative

potential desorption method and an iodide immersion method

to obtain a clean SERS substrate to allow reliable SERS

measurement of living cells from a methodological point of

view. On both substrates, nice signals of Phe and Tyr can be

obtained for different cells and at different times. Compared

with the iodide immersion method, negative potential

desorption is suitable for gaining the SERS of both weak and

strong binding molecules with Au in cell membranes, but can

only be applied to conductive substrates. The iodide immersion

method is convenient to work with and can be applied to both

conductive and non-conductive SERS substrates. More impor-

tantly, the iodide treated substrates can selectively enhance the

Raman signals of molecules forming a stronger bond with Au

than Au–I, which significantly improves the reproducibility of

SERS, and avoids the interference of the species having a

weaker interaction with Au in the cell solution.
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