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The rapid and sensitive detection of pathogens is critical for 

disease intervention strategies, as well as the control and 

prevention of pandemics and acts of bioterrorism. There is a 

need to be able to perform pathogen detection, both in laboratory 

facilities, and under field conditions. Consequently, biosensing 

platform technologies are under development to allow for both 

applications. Current methods of virus and bacteria detection 

generally employ antibody-based assays such as enzyme-

linked immunosorbant assays (ELISA), fluorescent antibody 

assays1, or serologic evaluation for exposure2. Many of these 

assay methods provide only a limited level of sensitivity, thus 

low level pathogen detection generally requires nucleic acid 

amplification coupled with polymerase chain reaction (PCR) 

assays3. 

More recently, other diagnostic methods such as microcantilevers4, 

evanescent wave biosensors5, immunosorbant electron microscopy6, 

and atomic force microscopy7 have been investigated to overcome 

some of the limitations of sensitivity, but these new techniques 

are unable to effectively discriminate between types and/or species 

of pathogen with reasonable sample throughput. The research 

Surface-enhanced Raman scattering (SERS) is a powerful analytical tool 
for chemical and biological sensing applications. However, one feature 
which has limited its use in biosensing applications is the difficulty 
involved in producing uniform, highly sensitive, and reproducible SERS 
substrates. Recent developments in oblique angle deposition and other 
nanofabrication techniques have overcome this limitation, providing an 
unprecedented opportunity to develop SERS substrates for pathogen 
biosensor applications. Recently reported examples of SERS’s newfound 
sensing abilities include the capacity to detect low levels of viruses 
and bacteria, as well as to discriminate between types and strains of 
pathogens, including pathogens with gene deletions. A brief review of our 
recent progress in SERS biosensing is given in this article.
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directions for improvement of biosensing methods require reduction 

or elimination of sample preparation or amplification procedures. 

Detection and discrimination of specimens in complex biological media 

are also a necessity, together with reproducible results, cost and time 

effectiveness, and ease of use under most conditions.

SERS detection dictated by substrate 
fabrication
Surface-enhanced Raman scattering (SERS) has emerged as a powerful 

analytical tool that extends the possibilities of vibrational spectroscopy 

to solve a vast array of chemical and biochemical problems. SERS is an 

extension and variation of standard Raman spectroscopy, a vibrational 

spectroscopic technique that provides detailed information about 

the materials under investigation at the molecular level8. Since the 

discovery of the SERS effect in the 1970s9–11, SERS has been applied 

to a wide variety of analytical applications, including biochemistry 

and the life sciences12. As has been reviewed in detail elsewhere13–20, 

two primary mechanisms are believed to be responsible for SERS 

enhancement: a long-range classical electromagnetic (EM) effect20 

and a short-range chemical (CHEM) effect21. These two mechanisms 

contribute simultaneously to the overall enhancement; EM is 

thought to contribute the most (~104–107) to the observed intensity 

enhancement, while CHEM is thought to contribute a lesser amount 

(~10–102).

Since SERS is useful for determining molecular structural 

information and also provides ultrasensitive detection limits, including 

single molecule sensitivity22,23, it has been used to detect pathogens 

that include bacteria24 and viruses25. There are two principle SERS 

configurations that have been used in biosensing, intrinsic or extrinsic, 

as shown in Fig. 1. In intrinsic detection (Fig 1a), the analyte can 

be directly applied to the nanostructured surfaces and the inherent 

Raman spectrum of the biomolecule directly measured to identify 

the specimen. To allow for capture and to aid specificity of detection, 

antibodies, aptamers, or related molecules can be immobilized onto 

nanostructured surfaces as shown in Fig. 1b, and the Raman spectral 

differences before and after capture of the specimen can be used 

to identify the species. In extrinsic detection, a Raman reporter 

molecule is used to generate a signal for detection. For example, a 

Au nanoparticle may be used as the SERS-active substrate to which 

a Raman reporter molecule is immobilized (Fig. 1c). By coating this 

structure with another layer of dielectrics such as SiO2, TiO2, or a 

polymer, a core-shell complex is formed in which the outer-shell 

may be decorated with capture molecules such as antibodies. Thus, 

specimens may be captured and detected via a sandwich structure 

as shown in Fig. 1c. This extrinsic SERS detection method has been 

successfully used for in vivo SERS imaging of unique or rare cancer 

cells26–28. 

The remarkable analytical sensitivity of SERS has yet to be 

translated into the development of widely accepted, commercially 

viable diagnostic applications, due in large part to the difficulty in 

preparing robust, metal-coated substrates of the correct surface 

morphology that provide maximum SERS enhancements20. Some of 

the important requirements for an ideal SERS substrate in practical 

diagnostic applications are that the substrate produces a high 

enhancement, generates a reproducible and uniform response, has a 

stable shelf-life, and is simple to fabricate. 

Many substrate preparation techniques exist that can form 

roughened metal surfaces of the types required for ideal SERS 

enhancements. These methods include roughening of a surface by 

oxidation-reduction cycles (ORC)9, metal colloid hydrosols29, laser 

ablation of metals by high-power laser pulses30, chemical etching31, 

roughened films prepared by Tollen’s reagent32, photodeposited Ag 

films on TiO2
32, and vapor-deposited Ag metal films33–36. While the 

majority of substrate preparation techniques reported to date focus 

Fig. 1 Different SERS detection configurations: (a) Direct intrinsic detection; (b) 

indirect intrinsic detection; and (c) extrinsic detection.

(b)

(a)

(c)
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on the problem of achieving large SERS enhancements, the other 

requirements listed above for the production of a practical SERS 

sensing substrate are seldom addressed. Currently, there are five 

fabrication techniques that could potentially produce the desired SERS 

substrates to meet these requirements: electron beam lithography, 

nanosphere lithography, the template method, the hybrid method, and 

an oblique angle vapor deposition method.

The electron beam lithography (EBL) method is an ideal method 

for producing uniform and reproducible SERS substrates37–41. 

Unfortunately, it is very expensive to produce large area substrates 

using EBL, unless the technique is combined with a nanoimprint 

lithography method42. The nanosphere lithography (NSL) method 

pioneered by Van Duyne and coworkers43–47 involves evaporating Ag 

onto preformed arrays of nanopore masks by colloid particles, which 

are subsequently removed, leaving behind the Ag metal deposited in 

the interstices to form a regular Ag nanoparticle array. The template 

method utilizes a nanotube-like array, such as anodized Al2O3, as a 

template to deposit Ag or Au nanorods directly into the channels via an 

electrochemical plating method48–53. Hybrid methods fabricate SERS 

substrates by depositing metal particles onto nanoporous scaffolds 

such as porous silicon, nanorod arrays, etc54–61. The oblique angle 

deposition (OAD) method is based on a conventional physical vapor 

deposition principle and can be used to fabricate aligned and tilted Ag 

nanorod arrays on large substrate areas25,62–64. For OAD fabrication, 

the surface normal of the substrate in a vacuum chamber is positioned 

at a very large angle with respect to the incoming vapor direction 

(> 75o), as shown in Fig. 2a. This deposition configuration results in 

a so-called geometric shadowing effect that leads to a preferential 

growth of nanorods on the substrate in the direction of deposition. The 

nanorods grow aligned but tilted on the substrate as shown in Fig. 2b. 

The benefits and limitations of the different methods for preparation of 

SERS-active substrates are summarized in Table 1. 

Fig. 2 (a) Schematic of oblique angle deposition. (b) Top view, and (c) cross-sectional view scanning electron micrographs of the Ag nanorod array SERS substrates.

(b)(a)

(c)
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Fabrication Method EBL NSL47 Template method Hybrid Method OAD

Enhancement Factor – 107–109 106–107 (50,52,53) 106–108 (59) >108 (64)

Substrate Area (cm2) Typically < 0.001 x 0.001 ~1  x 1 > 2.5  x 2.5 > 2.5  x 5.0 > 2.5  x 7.5 

Uniformity (%) – – <15 %50 – < 10 %64

Reproducibility <20 %38 – – – < 15 %64

Shelf time (days) – – – > 40 (for Au)60,61 ~ 7 (for Ag) 

Fabrication Steps 3 3 3 > 2 1–2 

Cost Expensive Inexpensive Inexpensive Inexpensive Moderate

Table 1 Comparison of different SERS substrate fabrication techniques that could potentially generate uniform and 

large area SERS substrates
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Pathogen detection
Several research groups have used these new nanofabrication methods 

to produce highly sensitive and reproducible SERS substrates for 

biosensing applications. Studies have been conducted to evaluate 

SERS quantitatively as a biosensing method for pathogens such as 

viruses and bacteria25,28,65–78. Compared with some of the other 

pathogen detection techniques previously noted, SERS offers several 

advantages, including high sensitivity, type and species classification, 

the discrimination of subtle structural differences, and detection of 

differences in the nucleic acid profiles between species. We have 

recently demonstrated that Ag nanorod arrays, produced by oblique 

angle vapor deposition, offer several advantages for SERS pathogen 

biosensing applications. While the majority of our applications have 

been in the area of virus biosensing, we have also demonstrated 

similar capabilities for the detection of bacteria, as well as other agents 

including microRNAs, using these Ag nanorod arrays.

Distinguishing between different virus types
Using the direct intrinsic SERS configuration as shown in Fig. 1a, we 

have shown that it is possible to rapidly and sensitively distinguish 

different viruses by their SERS spectra (Fig. 3). For example, the 

baseline-corrected SERS spectra of the DNA virus, adenovirus (adeno), 

and RNA viruses, i.e., rhinovirus (rhino) and human immunodeficiency 

(HIV) viruses, which can readily be detected and distinguished as 

shown in Fig. 3. The adeno SERS spectrum is characterized by strong 

bands due to nucleic acid bases at 650 cm-1 (guanine), 731 cm-1 

(adenine), 1325 cm-1 (adenine), and 1248 cm-1 (guanine)79. The 

650 cm-1 band may also have contributions due to Tyr80. The 

Raman lines at 1003 cm-1 and 1033 cm-1 have been assigned to the 

symmetric ring breathing mode and the in-plane C-H bending mode 

of Phe (phenylalanine), respectively81 while the bands at 1457 cm-1, 

1576 cm-1 and 1655 cm-1 can be attributed to the CH2 deformation 

mode of proteins, the carboxylate stretching vibration (νa COO-) 

of Trp (Tryptophan) and the amide I vibration of peptide groups, 

respectively81. A notable characteristic of the adeno SERS spectrum 

is the relative intensity of the bands associated with the nucleic 

acids, indicating direct binding to the Ag substrate. The strong band 

at 731 cm-1 has been assigned to denatured DNA, caused by its 

interaction with the Ag SERS substrate82. A similar band analysis can 

identify the prominent SERS bands for the other viruses in Fig. 325. 

Thus, the uniqueness of the SERS spectrum provides a molecular 

fingerprint for detection of specific viruses and provides the foundation 

for SERS-based biosensing. 

Detecting viruses in biological media
For most diagnostic situations, the detection of pathogens 

occurs in a heterogeneous biological medium. Therefore, it is of 

practical importance that SERS can distinguish between viruses in 

the presence of a complex background. This capability has been 

demonstrated by comparing the SERS spectra of uninfected Vero 

cell lysate, respiratory syncytial virus (RSV) infected cell lysate, 

and purified RSV (Fig. 4)25. As shown in Fig. 4, although there are 

common SERS peaks for the three samples, both the SERS spectra 

of RSV-infected cell lysate and purified RSV have SERS bands at 

1000–1100 cm-1 and 500–600 cm-1, while the SERS spectrum of 

Vero cell lysate does not have these two signature peaks. The bands 

at 527 cm-1 and 546 cm-1 can be assigned to a disulfide stretching 

mode83,84, while the strong band at 1044 cm-1 has been assigned 

to the C–N stretching vibration in previous SERS studies65,85. The 

results show that major Raman bands can be assigned to different 

constituents of the cell lysate and the virus, such as nucleic acids, 

proteins, protein secondary structure units and amino acid residues 

present in the side chains and the backbone. However, our most 

significant result is the observation that vibrational modes due to 

the virus can be unambiguously identified in the SERS spectrum of 

the Vero cell lysate after infection.

Detecting viruses captured onto the nanostructured 
SERS surface
The indirect intrinsic detection configuration shown in Fig. 1b can 

also be used to detect viruses captured by antibodies to increase 

Fig. 3 SERS spectra of different virus types obtained using Ag nanorod 

substrates. (Reproduced with permission from25. © 2006 American Chemical 

Society.)
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the detection selectivity. Antibodies can be readily immobilized 

onto the SERS substrate, and the SERS spectra before and after 

virus treatment can be obtained to compare Raman signatures 

of antibody alone versus antibody plus captured virus. The SERS 

spectra of Ag nanorods coated with the IgG antibodies and viruses 

captured by these antibodies are shown in Fig. 5. Of the spectral 

features apparent in the IgG2a antibody spectrum (Fig. 5, top), the 

most intense band at ~1000 cm-1 most likely arises from the in-

plane ring deformation mode of Phe in IgG86,87. Prominent bands are 

observed in the 1400–1600 cm-1 region of the RSV and IgG complex 

spectrum (Fig. 5, bottom). This is presumably due to selectively 

enhanced nucleic acid and/or side-chain vibrations88,89, although the 

amide III protein mode at ~1260 cm-1 may be observed in both the 

IgG and RSV+IgG spectra90. These results show that antibodies or 

related capture moieties can be used to provide selectivity to SERS 

biosensing.

SERS detecton of low levels of virus
The sensitivity and dynamic range of the SERS technique for virus 

detection has been investigated by analyzing dilutions of a respiratory 

syncytial virus (RSV) mutant lacking the G (attachment) gene (∆G). 

The SERS peak areas of the main band at 1045 cm-1 (C–N stretching 

mode) are plotted against the ∆G RSV concentration in Fig. 625. The 

concentrations of the diluted solutions are calculated from the volume 

of water used for the dilutions. The SERS intensity increases with 

concentration of the viral solution, reaching a plateau at concentrations 

above 103 PFU/ml (PFU = plaque-forming unit). This behavior is not 

uncommon and similar findings of decreasing signal with increasing 

concentration have been reported for SERS substrates with an 

adsorbate coverage ≥ 0.01 monolayer32. Although at this stage little 

emphasis have been placed on determining the lowest detectable titer, 

values as low as 100 PFU/mL are readily detectable. These data suggest 

a limit of virus detection ranging from 1–10 PFU of virus in this assay 

format.

Fig. 5 SERS spectra of (top) IgG2a antibody complex on Ag nanorod array, 

(bottom) RSV-IgG2a-Ag nanorod complex.

Fig. 4 SERS spectra of Vero cell lysate before and after infection with RSV, top 

and middle spectra, respectively. The SERS spectrum of purified RSV is shown 

at the bottom for comparison. (Reproduced with permission from25. © 2006 

American Chemical Society.)

Fig. 6 The SERS calibration curve for ∆G RSV constructed with the peak area 

for the C–N stretching band at 1045 cm-1. (Reproduced with permission 

from25. © 2006 American Chemical Society.)
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Detecting different strains of a single virus type 
In addition to the capacity to differentiate between different virus 

types, SERS can also be used to distinguish strains of a single virus 

type25. One example is the detection of RSV strains (Fig. 7), although 

we have also shown that SERS can readily distinguish influenza A 

strains25. Using SERS, the RSV viruses A/Long, A2 and ∆G (belonging to 

the RSV A strain), as well as the RSV strain B1, have been analyzed and 

their corresponding baseline corrected spectra (1400 cm-1–600 cm-1) 

are shown in Fig. 7. 

The SERS spectrum of A/Long (Fig. 7a) differs from the other RSV 

spectra in that the prominent C–N stretch occurs at 1055 cm-1, 

compared with 1042–1045 cm-1 for the other RSV viruses. Bands 

unique to A/Long are also observed at 877 cm-1 and 663 cm-1, while 

the band at 528 cm-1 (present in the other spectra) is absent. It is 

likely that the different spectrum observed for A/Long relates to a 

different composition of nucleic acids and viral envelope proteins. 

As predicted, there are also differences in the SERS spectra between 

the A and B1 strains. The differences that distinguished the A strain 

from the B strain SERS spectra include the relative intensities of the 

nucleic acid bands compared with the other bands in the spectrum. 

Significantly, we have also been able to show that the intrinsic 

SERS spectra are capable of detecting gene deletions in viruses. 

This is shown by the SERS spectra comparing the parental A2 strain 

(Fig. 7d) to the RSV G protein gene deletion mutant from which it 

was derived, ∆G (Fig. 7c). Comparison of the spectra reveals subtle 

yet real differences in peak intensities of the Raman spectra between 

700 –900 cm-1. 

Perspectives
SERS has long been considered as a potential biosensing technology 

due to its inherently high sensitivity and its ability to provide unique 

spectroscopic fingerprints of the target analyte. Our recent studies 

show that, with the appropriate substrate, SERS offers a potent 

biosensing platform with many advantages over current biosensing or 

detection applications. 

Despite the potential power of SERS as a biosensing tool, there 

remain critical and practical issues that need to be addressed before 

the technique can be routinely applied. One consideration is the 

need to produce inexpensive and reliable SERS substrates having 

uniformly high enhancements. Another important consideration is the 

reproducibility of the spectral response from the target biomolecule, 

which ultimately relates to the statistical reliability of the method. 

A practical SERS substrate fabrication method would produce 

an inexpensive, uniform, reproducible, and reusable SERS-active 

substrate. Since SERS enhancements critically depend on substrate 

nanomorphology, a practical fabrication method should have the 

ability to produce nanostructured arrays with specific size, shape, 

alignment, and architecture within very tight tolerances. Thus, the 

challenges for a practical SERS nanostructure fabrication method are 

the ability to: 

(i) control the size, aspect ratio, and shape of nanostructures;

(ii) grow the desired nanostructure at low temperature and onto a 

particular substrate geometry, e.g. flat, cylindrical, or tapered;

(iii) fabricate metallic and dielectric nanostructures in a multilayered 

fashion; and

(iv)  integrate the fabrication process with other conventional 

microfabrication techniques. 

When considering ultrasensitive SERS detection, e.g. low viral or 

bacterial loads in a clinical sample, the issue of statistical sampling 

arises. In such cases, it is possible that when the amount of SERS 

analyte presents a severe limitation, surface coverage relative to 

the laser spot size may become an issue in detection. However, this 

situation may be overcome by employing analyte capture methods, 

e.g. using antibodies, or by concentrating the limited analyte to be 

detected. Solutions for these critical issues are addressable and are 

being investigated so that the door may be opened to a new era of 

biodetection.  
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Fig. 7 Summed SERS spectra of individual RSV strains (a) strain A/Long, (b) 

strain B1, (c), strain A2 with a G gene deletion (∆G), and (d) strain A2.  

(Reproduced with permission from25. © 2006 American Chemical Society.)
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