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奈米世界

用「奈米電漿子晶體」幫你聽細菌的聲音
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Vibrational Frequency of a Molecular Cello (大提琴)?

l: 1m  1nm

n:  ?    ?



Study of Bacteria by Surface Enhanced Raman Spectroscopy



Motivations for Fabricating Substrates for 

Surface Enhanced Raman Spectroscopy (SERS)

 (fluorescence) ~ 10-16 (cm2/molecule)

 (Raman)    ~       10-32 (cm2/molecule)

S.  Nie and S. R Emory Science 275(1997)1102

M. Fleishmann, P. J. Hendra, A. J. MacQuillan,

Chem. Phys. Lett. 26 (1974) 163

First Observation of SERS

First Direct Observation of ‘Hot-Spots’ in SERS

Exploit field enhancement to increase the 

Raman signal, facilitating optical 

spectroscopic detection and study of bio-

molecules 



Anodization (陽極處理) of Metal Leading to Porous Oxide: 

an Example of Material Self-organization in 1~100 nm Scale

Alexample: Al2O3 (Anodic Alumina)

• Range of diameter is 

between several to  a 

few hundreds of nm

• High aspect ratio: b/a 

can be larger than 

1000

b

a

O. Jessensky, F. Müller,  U. Gösele 

Appl. Phys. Lett. 72, 1173 (1998)
sample electrode

electrolyte



Self-organized ordered and disordered anodic 

alumina nanochannels (氧化鋁奈米管)

A. P. Li et al. J. Appl. Phys. 

84, 6023 (1998)

Barrier layer

Top view

Bottom view

C. Y. Liu, A. Datta, Y. L. Wang,

Appl. Phys. Lett. 78, 120 (2001)



H2C2O4

40 V

H2SO4

25V

A. P. Li et al. J. Appl. Phys. 84, 

6023 (1998)

H3PO4

160 V

2.5 nm/V



Guiding the growth of anodic alumina 

nanochannel arrays with focused ion beam (FIB)

• Anodic alumina film with ideally 

ordered nanochannels are grown on 

aluminum surfaces that have been 

pre-patterned by FIB lithography

• The period and arrangement of the 

lithographic pattern must be similar 

to that of the self-organized ordered 

array of nanochannels.



Effect of FIB dose on the order of nanochannels

AFM images of the backside of

the nanochannels created by

(a)2×1015 (1 ms), (b) 9×1015 (6

ms), and (c) 2×1016 (12 ms)

ions/cm2. The insets show the

corresponding Fourier

transforms of the images. (d)

Angular spread of the intensity

peaks (Δθ) as a function of

FIB dwell time.





Fabrication of Ordered Array of Ag-nanoparticles

AAO nanochannel array 

with 10 nm channel wall

AAO nanochannel array 

partially filled with Ag

AAO nanochannel array 

filled with Ag nanocrystals

USA Patent granted, 2008

 SERS substrate fabrication 

nanotechnology transferred to 

MA-tek, 2009 



Nanoparticle-Array-based Surface Enhanced 

Raman Scattering (NPA-based SERS)



Comparison between NPA-based and

Traditional SERS 

a) NPA-based SERS of 10–6 M R6G solution (top) and on a typical SERS substrate 

prepared by depositing ∼ 30 nm Ag on Si (bottom); b) NPA-based SERS at 1509 cm–1 as 

a function of the molecular concentration on a logarithmic scale.

NPA-based

SERS(traditional)



A High Platform for 

Bacteria Detection and Monitoring

NPA-based SERS

Microbial biology

Antibiotic susceptibility

To detect the changes of bacterial cell wall in the distinct growth phases   

Discrimination of bacteria

To delineate bacteria’s response to therapeutic treatments   

Objective

Bacteria

laser



Escherichia coli ( E. Coli, 大腸桿菌) 

David S. Goodsell



Escherichia coli ( E. Coli, 大腸桿菌) 

David S. Goodsell



SERS of Bacteria Cell Wall

Cryo-TEM image of E. coli

Gram negative Gram positive



murein

(peptidoglycan)

capsule

cytoplasmic 

membrane

flagella

pili

Outer membrane 

(only in G(-) bacteria)

Basic bacterial cell structure The structure of murein (peptidoglycan)

The cell wall of Gram-positive bacteria

The cell wall of Gram-negative bacteria

outer

membrane

( NAG)            

( NAM )                                             

murein



Two types of Change of Bacterial Cell Wall Resulting from Antibiotic Treatment 

Protein synthesis

Cell wall 

synthesis

Cell 

membrane

1. Inhibition of Cell Wall Synthesis (most common mechanism)

Vancomycin / Ampicillin

2. Inhibition of Protein Synthesis (second largest class) 

Tetracycline / Gentamicin

3. Alteration of Cell Membranes 

4. Inhibition of Nucleic Acid Synthesis 

Basic Mechanisms of Antibiotic Action against Bacterial Cells

Vancomycin disrupts peptidoglycan 

cross-linkage and inhibits steps in 

murein (peptidoglycan) biosynthsis. 

The structure of murein (peptidoglycan) and the action site of vancomycin

murein (peptidoglycan)



Comparison between Comparison between 

Raman and SERS of BacteriaRaman and SERS of Bacteria



SERS of  Single Bacterium

Single

S. Aureus

Nine spectra of Staphylococcus aureus, 

taken every 10 min, are overlapped to 

demonstrate the reproducibility and 

stability of SERS signal 
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(a) Staphylococcus aureus (b) E.coli ( c) Mycobacterium tuberculosis

(a)

(b)

(c)

Typical SERS of Three Types of Bacteria



NPA-based SERS of Gram Positive Bacteria and Protoplast of S. Aureus



Stability and Reproducibility of NPA-Based SERS

Staphylococcus aureus 13649
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Spectra from four different substrates Sequential spectra of the same population over 1 hour



Staphylococcus aureus 13649
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Changes of Bacterial Cell Wall Chemistry During Antibiotic Treatment 

Enterococcus faecium 13631 
(VREF / Vancomycin-Resistant Enterococcus faecium )
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Upon the treatment of vancomycin, the spectra of Staphylococcus aureus 13649 

(vancomycin-susceptible) was dramatically shifted. But the spectra of Enterococcus faecium 

(vancomycin-resistant) 13631 had no changes.

萬古黴素萬古黴素

金黃色葡萄球菌 13649 對萬古黴素具抗藥性之糞腸球菌



Response of S. Aureus to Various Antibiotics

Inhibition of Protein Synthesis 

(second largest class)

Inhibition of Cell Wall Synthesis 

(most common mechanism)



Comparison between previous and our

ONPA-SERS substrates for bacteria studies 

SERS achieved by mixing 

Au-nanoparticles with bacteria

Anal. Chem. 2004, 76, 40-47

ONPA-SERS substrate 

by IAMS/MA-tek

F. S.= 650 nm

SERS from a substrate with random Au-NP

Chem. Soc. Rev., 2008, 37, 883-884



A high speed detection platform based on surface-enhanced 

Raman scattering for monitoring antibiotic-induced 

chemical changes in bacteria cell wall

PLoS ONE 4(5), e5470 (2009)
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High resolution Raman analyzer

632.8 and 785 nm excitation

Spectral coverage: 800 cm-1

Spectral resolution: 2 cm-1

Fast multichannel detection

Combined with microscope



Modular Raman System

A modular Raman system has been developed to be easily installed and used in 

biosafety labs.

27cm



Custom-Designed Desktop SERS System

•放試片的地方
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‘Certification of diamond using an irreproducible nano-textured pattern 

fabricated by ion-beam bombardment induced self-organization

(Taiwan, R.O.C. Patent Number I 203406, April 24, 2006) 

Thank you for your attention


