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1. INTRODUCTION 

Raman scattering spectra enable molecular “fingerprinting,” which is of 
particular interest for molecule sensing and bio-applications. Surface 
enhanced Raman scattering (SERS) provides greater detection sensitivity 
than conventional Raman spectroscopy,1-3 and it is quickly gaining traction 
in the study of biological molecules adsorbed on a metal surface.4-12  SERS 
spectroscopy allows for the detection and analysis of minute quantities of 
analytes because it is possible to obtain high-quality SERS spectra at sub-
monolayer molecular coverage as a result of the large scattering 
enhancements. SERS has also been shown to be sensitive to molecular 
orientation and to the distance from the metal surface.13

The SERS enhancement mechanism originates in part from the large 
local electromagnetic fields caused by resonant surface plasmons that can be 
optically excited at certain wavelengths for metal particles of different 
shapes or closely spaced groups of particles.14-21 For aggregates of 
interacting particles, which are often structured as fractals, plasmon 
resonances can be excited in a very broad spectral range.22 In addition to 
electromagnetic field enhancement, metal nanostructures and molecules can 
form charge-transfer complexes that provide further enhancement for 
SERS.23-29 The resulting overall enhancement depends critically on the 
particle or aggregate nanostructure morphology,22,30-36 and it can be as high 



2 Chapter 12
 
as 105 to 109 for the area-averaged macroscopic signal and 1010 to 1015 
within the local resonant nanostructures. 

A variety of structures have been found to be appropriate for SERS, 
including roughened metal electrodes,1-3 aggregated films,15 metal islands of 
different morphologies,14,15,17-20 and semicontinuous metal films near the 
percolation threshold.37-39 Among SERS-active substrates, vacuum-
evaporated nanostructured metal films are well suited for SERS mechanism 
studies and have a high potential for applications.14-20,24,39-43 The effect on the 
metal film due to deposition rate, mass thickness, and thermal annealing 
were studied in detail previously.18, 40-43

The most advanced tendency in SERS is to engineer optimal 
nanostructures with a controlled particle shape, such as triangles,35,44 
nanoshells,36,45 or with a regular arrangement achieved by nanosphere 
lithography,35 electron beam lithography,46 or through metal coating of 
dielectric spheres.4,42 It has been shown that the maximum local field can be 
obtained between a pair of particles with an appropriate shape like a bow-tie 
structure47,48 fabricated with electron beam lithography or nanosphere 
lithography. In particular, the largest macroscopic enhancement factor 
related to unit area covered with metal was reported with an array of triangle 
particles.35 Strong SERS enhancement can also occur in a periodic array of 
metal nanoparticles.80 

We found recently that vacuum evaporated silver films fabricated at a 
certain range of evaporation parameters allow fine rearrangement of their 
local structure under protein deposition.49-53 Such a substrate, which is 
referred to as adaptive, provides large SERS enhancement that allows 
protein sensing at monolayer protein surface density and enables adsorption 
of proteins without significant changes in their conformational states. This 
adaptive property appears to be especially important for the sensing of large 
molecules whose size is comparable with the typical sizes of the metal film 
nanostructure (particle size, interparticle spacing). In the case of proteins of 
about nanometer size, it is still an issue to match an optimal design of 
engineered nanostructures with a molecule of particular size and shape. This 
issue can be addressed with adaptive nanostructures where protein-mediated 
restructuring forms groups of metal particles naturally covered and matched 
with the molecules of interest. 

In this chapter we discuss specific properties of adaptive silver films 
(ASFs) and provide several examples of their uses for protein sensing and 
potential applications in protein microarrays. An example of SERS spectral 
sensitivity to protein conformational state is presented in the case of insulin. 
We also describe further development of this type of substrate to improve 
the SERS signal by addition of a sublayer of bulk metal. 
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2.  BASIC FORMULAS FOR SERS ENHANCEMENT 
FACTOR 

The concept of the enhanced local field in aggregated particle films based 
on the Maxwell-Garnett approach was applied to SERS in the 1980s.14-15,17-19 
These theories account for particle shape and, in a strongly simplified 
manner, particle interactions. The early theories also emphasize that strong 
local fields can only result from large field fluctuations.16

In many cases, aggregates of metal particles form fractal structures, 
which are characterized by a scale-invariant distribution such that they look 
similar at different length scales. A special type of fractal structure is 
represented by a percolation film (also referred to as a semicontinuous metal 
film). A percolation film is formed by fractal metal clusters of different 
sizes, from a cluster of a single or just few particles up to the “infinite” 
fractal cluster that spans over the whole film and provides a conducting 
(percolating) path for the film. Below the percolation threshold a metal-
dielectric film is an insulator whereas above the threshold it is a conductor. 
Although macroscopically a percolation film is homogeneous, the metal 
clusters can still be characterized by a scale-invariant distribution.  

For fractal systems, the powerful scaling approach can be applied. A 
theory describing optical properties of fractal aggregates was developed by 
Shalaev and Stockman,22,39 and an optical theory of percolation composites 
was put forward by Sarychev and Shalaev.38,39 There is much in common 
between fractal aggregates and percolation films; in both cases, the 
electromagnetic excitations are localized in small, nanometer-sized areas 
which are referred to as “hot spots.” The local-field intensity in the hot spots 
can exceed the intensity of an incident wave by three to five orders of 
magnitude, resulting in a dramatic Raman scattering enhancement of up to 
twelve orders of magnitude under optimum conditions. 

This enhancement results from the excitation of local plasmon modes in 
aggregates (clusters) of metal nanoparticles. Because of scale-invariance, 
metal clusters in fractal and percolation systems are characterized by a large 
variety of shapes and sizes. Different local structures formed by metal 
particles resonate at different frequencies so that all together they provide a 
broad range of enhancement for Raman scattering. Because different metal 
clusters resonate at different frequencies, the hot spots at different 
frequencies are spatially separated. A typical size of the hot spots is between 
10 to 100 nm. Light at a given frequency excites a different distribution of 
the hot spots on a fractal or percolation system. The resonant plasmon modes 
in such systems cover a very broad spectral range from the near-UV to the 
mid-IR. 
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In many cases, random aggregates of particles do not form fractal or 
percolation systems (for example, an island film well below the percolation). 
Still, hot spots are excited in various small groups of metal particles and the 
optical properties of such random systems are often similar to those obtained 
for fractal and percolation systems. In fact, it has been shown38,39 that the 
optical scaling theory developed for percolation systems works well in a 
rather broad range of metal concentrations around the percolation threshold, 
including those well below and above the percolation threshold. For optical 
frequencies, the scaling formulas of the Shalaev-Sarychev theory remain 
valid in a broad range of metal filling factors, roughly from 0.3 to 0.7. The 
fractal theory39 is also very robust and describes random aggregates of 
particles (even if they are not fractal), provided that there is frequency-
spatial selectivity so that hot spots at different frequencies are located in 
different locations, resulting in an inhomogeneously-broadened distribution 
of plasmon modes (see Section 3.6.1 of Ref. [39]). 

Below we present formulas describing SERS enhancement in random 
metal-dielectric composites, including the important case of metal-dielectric 
films. 

2.1 Enhancement factor for Raman scattering 

Let’s assume that Raman-active molecules are placed on a metal-
dielectric film, where the plasmon modes can be excited resulting in local-
field enhancement. Raman scattering (RS) of an incident wave at frequency 
ω results in a scattered field at a shifted frequency ωs. The shift ω − ωs is 
equal to one of the molecule’s vibrational frequencies, and the combination 
of all such vibrational frequencies represents the molecule’s “fingerprint.” 
Spontaneous Raman scattering is a linear, incoherent optical process. 
Because the plasmon modes cover a very broad spectral range, the fields at 
frequencies ω and ωs can both experience the enhancement caused by the 
resonant plasmon modes.16 As a result, the enhancement factor for surface-
enhanced Raman scattering (SERS) is given by the product of the 
enhancements for the two fields at frequencies ω and ωs: 39

s

s

22

RS 0 0

EEG ~
E E

ωω

ω ω

, (1) 

where the angular brackets stand for spatial averaging over the random film. 
In Equation (1), Eω and Eωs are the local enhanced fields at frequencies ω and 
ωs, respectively, whereas Eω

0
 and Eωs

0 are the probe, non-enhanced fields at 
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these frequencies. Below, for simplicity, we set these non-enhanced 
amplitudes both equal to unity so that |Eω|2 and |Eωs|2 represent the local 
enhancements for the field intensities at frequencies ω and ωs. Then, the 
enhancement factor for RS in Eq. (1) can be rewritten as

s

2
RSG ~ E Eω ω

. (2) 

There are two important limiting cases for Eq. (2) that we consider 
below. If the Stokes frequency shift is smaller than the plasmon resonance 
width Γ, then the hot spots at the two frequencies occur in the same spatial 
positions so that the enhancement can be written as 

4
RSG ~ E , (3) 

where the ω and ωs fields have been set equal to each other because the two 
enhancements are fully correlated. Thus under these optimum conditions, the 
SERS enhancement is proportional to the fourth power of the enhanced local 
field averaged over the film. Such nonlinear dependence for the 
enhancement should not be confused with the Raman signal itself, which is 
still proportional to the field intensity because it is a linear process. 

A more conventional situation, however, is represented by the case when 
the shift ω − ωs exceeds the plasmon resonance width Γ. For large shifts, the 
positions of the hot spots at the two frequencies can be approximated as 
statistically independent. Then, we can decouple the averaging for the two 
fields in Eq. (2) and present the enhancement as 

s

22
RSG ~ E Eω ω . (4) 

Eq. (4) is in agreement with experiments15,18 and theory17-18 showing that 
the enhanced Raman intensity is proportional to the product of the 
absorptions at the laser and scattered frequencies, i.e. to A(ω)A(ωs)15,17-19 
(note that the absorption A is proportional to <|E|2>). This fact helps in 
evaluating various substrates for their possible use as SERS substrates.  

For noble and coinage metals, the dielectric permittivity can be well-
described by the Drude formula 
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ε = ε −

ω ω+ τ
, (5) 

where τ = Γ-1 is the relaxation time for plasmon oscillations, ε0 is the 
interband contribution to the permittivity and ωp is the bulk plasma 
frequency. For effective SERS metals the parameters above have the 
following magnitudes:54,55 Ag (ωp= 9.1 eV, τeff -1 = 0.021 eV), Au (ωp= 9.0 
eV, τeff -1 = 0.066 eV), and Cu (ωp= 8.8 eV, τeff -1 = 0.09 eV). 

2.2 Relationship between electromagnetic enhancement 
factor and effective optical properties 

 Below we estimate the SERS enhancement factor, using formulas 
obtained for fractal and percolation systems.22,38,39 As mentioned, these 
results remain approximately valid for a rather broad class of metal-
dielectric composites and films. 

For fractals, the enhancement for a nonlinear process which is 
proportional to the nth power of the local field is estimated as39  

n 1n 1 22
pn

frac h

'
E ~ ~

−− ⎛ ⎞⎛ ⎞ ωε ⎜ ⎟⎜ ⎟ τ
′′⎜ ⎟ ⎜ ⎟ε ε ω

⎝ ⎠ ⎝ ⎠

. (6) 

For the latter estimate we used the Drude formula given by Eq. (5) and 
the dielectric permittivity of the host materials εh was estimated as εh ~ 1. 
There is also a frequency-independent pre-factor in Eq. (6) which depends 
on the specific geometry of the system; for the sake of the simplicity we 
omit it here. 

For a percolation system, the enhancement factor is given by  

(n 2) s (n 1)(1 2 )
t sn

perc h

' '
E ~

ν − + − − γ +γ
+

⎡ ⎤
⎛ ε ⎞ ⎛ ε ⎞⎢ ⎥
⎜ ⎟ ⎜ ⎟⎢ ⎥ ′′ε ε⎝ ⎠ ⎝ ⎠⎢ ⎥
⎣ ⎦

, (7) 

where ν, t, s, and γ are the critical exponents of the percolation theory. We 
use the fact that for 2D systems ν = t = s = 4/3 and set γ = 0 for simplicity (γ 
takes into account the presence of delocalized modes56). Then, by applying 
the Drude formula (Eq. 6) and taking εh ∼ 1., we have  
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By using Eqs. (3)-(6), we obtain the SERS enhancement in fractal 
systems for the two limiting cases of small and large Stokes shifts,  

33 22
p(frac)

sRS
h

'
G ( ) ~ c ~ c~

⎛ ⎞⎛ ⎞ ωε< ⎜ ⎟⎜ ⎟ω−ω Γ τ
′′⎜ ⎟ ⎜ ⎟ε ε ω⎝ ⎠ ⎝ ⎠

 (9) 

and 

( )
22 22
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sRS

h
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, (10) 

where we added the geometry-dependent pre-factor c, which is estimated to 
be in the range of 10-1 to 10-2 (it can have different values in Eqs. 9 and 10).  

For percolation systems, Eqs. (3)-(5) and (8) result in the following 
SERS enhancement factors for large and small Stokes shifts, respectively, 

( )
33

2 3(perc)
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and 
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⎝ ⎠
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where the geometry factor c has been included.39 Although the values of 
factor c can be different in Eqs. (9)-(12), in all cases it is frequency 
independent and estimated to be in the range of 1 to 10-3. 

The enhancement factors for fractal and percolation systems are similar 
and differ by the factor ωp/ω, which is about 4 for the visible range. 
Although these estimates were obtained for the special case of scale-
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invariant systems such as fractal and percolation systems, they remain 
approximately valid for many systems of randomly distributed clusters of 
metal particles including island films or colloidal aggregates. In all of these 
systems, the enhanced local fields are concentrated in randomly distributed 
hot spots whose spatial positions depend on the frequency of the driving 
field.  

It is also important to mention that the macroscopic, average 
electromagnetic enhancement of Raman scattering is larger for Ag than for 
Au or Cu, which follows from the formulas above and the optical constants 
for these metals. According to Eqs. (9)-(12) and the optical constants given 
above, the macroscopic SERS enhancement can range between 104 and 109. 
The local enhancement in the hot spots can be one to three orders of 
magnitude larger and thus reaches 1010 or even 1012 for optimal conditions. 
SERS enhancement factor with larger than these magnitudes can occur when 
a chemical enhancement mechanism is also present, which can provide an 
additional “boost” to the overall SERS enhancement. The chemical 
enhancement factor ranges typically from 10 to 103. Therefore, under 
optimal conditions when both the electromagnetic and chemical mechanisms 
contribute, the SERS enhancement can be as high as 1015. 

3. ADAPTIVE PROPERTY OF SILVER FILMS 

As we mentioned above, vacuum evaporated silver films fabricated at a 
certain range of evaporation parameters allow fine rearrangement of their 
nanostructure under protein deposition in buffer solution. Although all of the 
surface physical and chemical processes resulting in the restructuring are not 
yet fully established, we have used several methods to study the 
restructuring mechanism.  The changes in the film nanostructure, color, and 
other properties have been studied by optical methods, including UV-Vis 
spectrophotometry and Raman spectroscopy.  We have also employed such 
analysis as field emission scanning electron microscopy (FE SEM), adhesion 
testing, atomic force microscopy, X-ray photoemission spectroscopy, and X-
ray diffractometry as well. 

The adaptive silver films (ASFs) are typically formed on a dielectric 
substrate under vacuum evaporation with an electron beam with an initial 
pressure inside the system of approximately 10-7 Torr (see details in Ref 
[49]).  The dielectric (glass) slides were covered first by a sublayer of 10 nm 
of SiO2 followed by an 8-13 nm Ag layer deposited at a rate of 0.05 nm/s. 
During the silver deposition process, small isolated metal granules are 
formed first on the dielectric substrate.  As the silver coverage increases, the 
granules coalesce, resulting in various sizes of silver particles and their 
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aggregates. Qualitative estimates of adhesion performed with the common 
tape test57 show good adhesion for the Ag/SiO2/glass substrate structure. 
Absorption and reflection measurements before and after the tape test 
indicate the relative level of adhesion of the film to the glass substrate.  The 
changes in absorption/reflection spectra after the tape test were less than 5% 
for the Ag/SiO2/glass substrate. A comparison of silver substrates with and 
without a SiO2 sub-layer shows that adhesion of silver on glass is poor.  In 
the case of very high adhesion (such as when an adhesion-promoting 
titanium sublayer is included), the deposition of the protein solution does not 
lead to spot color changes nor structural modifications, and typically little or 
no SERS is observed. 

 

Figure 12-1. Absorption (extinction) spectra for a typical ASF substrate, solid line – bare ASF 
substrate, dashed line – inside insulin spot on an ASF substrate. 

Excitation of the collective electron oscillations (plasmons) in a metal 
nanostructure results in strong light and metal particle interactions and 
eventually in increased absorption relative to a thick metal film. Typical 
absorbance and reflectance spectra of an ASF substrate are similar in shape 
and have a maximum at around 500 nm with a broad wing into the longer 
wavelengths (see Fig. 12-1, solid line). Reflection is typically comparable or 
slightly larger than absorption by a factor of roughly 1-1.4 when both spectra 
are expressed in percent. Both the visible color of the film and the extinction 
spectrum change after protein deposition, as is shown in Fig. 12-1 (dashed 
line) for an insulin spot. The spectrum inside the analyte spot typically 
shows a blue-shifted maximum, reduced slope of the long wavelength wing, 
and reduced extinction integrated over the 300 nm to 1100 nm spectral 
range. An FE SEM image of the same insulin spot (Fig. 12-2b) clearly shows 
nanoscale restructuring, where groups of closely spaced metal nanoparticles 
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are formed. This is in contrast to the film outside the spot, where rather 
disintegrated particles are typical (Fig. 12-2a).  

 

Figure 12-2. FE SEM images of an ASF substrate outside (a) and inside (b) an insulin spot. 

A representative view of an ASF substrate after protein deposition and 
drying is shown in Fig. 12-3a. Note that after washing with a Tris-buffered 
saline (TBS) solution containing 0.5% Tween-20, the silver coating has been 
removed everywhere except the areas under the analyte spots, as clearly seen 
in Fig. 12-3b. From this one can conclude that the proteins stabilize the 
silver film, allowing the silver film to remain in place even through washing 
procedures.  This indicates that the biomolecules themselves play a key role 
in forming a stable complex with the silver particles. By varying the 
biomolecule and buffer concentrations, we observe that both factors are 
important in the formation of uniform, stabilized analyte spots. A lower 
protein concentration (by roughly a factor of 10-20) in a deposition solution 
results in an almost transparent spot and hence no metal particles. The 
solvent may etch the metal particles through the oxidation and reduction 
reactions, leaving merely silver salt on the substrate. X-ray diffraction 
measurements show AgCl crystals in the transparent areas after silver film 
treatment with either TBS containing NaCl and KCl or HCl 0.1-1 mM 
solution.53 This redox process may affect the interface between the silver 
particles and the silicon dioxide, decreasing adhesion or even removing 
particles in solution. Deposition of the protein solution without buffer 
reveals no visible changes of the film surface in some cases, e.g. insulin, and 
might result in restructuring for other proteins, e.g. M2 monoclonal 
antibody. The specific dependence on protein properties is not established 
yet. Elemental analysis with X-ray photoelectron spectroscopy52 show that 
the silver on the substrate is in the metal state (Ag 3d 5/2 peak at 368.5 eV) 
without oxidation during the first 2-3 weeks after fabrication while the metal 
is in an oxidized state about eight weeks after fabrication (the peak is shifted 
to 367.0 − 367.4 eV). Since many successful experiments were done with 
month-old ASFs, we conclude that the silver particles are covered with an 
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oxide layer initially and then deoxidize under deposition of protein 
molecules in buffer solution. 

 

Figure 12-3. Photos of ASF substrate with insulin spots before (a) and after (b) washing with 
a Tris-buffered saline solution. 

One more example of the restructuring mediated by M2 monoclonal 
antibody in TBS buffer solution is shown in Fig. 12-4b and by antigen in 
Fig. 12-4c. A lower concentration of protein results in lower metal coverage 
(the ratio of white area to total area in the FE SEM images). Fig. 12-4b and c 
show that a decrease of metal coverage correlates with the decreasing optical 
absorption (transmission T = 0.25 for 12-4b and T = 0.4 for 12-4c). 
Typically, protein solutions contain buffer. The effect of the protein 
concentration on silver film stabilization is illustrated in Fig. 12-5. A lower 
concentration of protein results in a lower metal particle surface density. The 
absorbance of the silver film is governed mostly by silver particles in the 
metal state. The absorbance increases with protein concentration and then 
saturates above a certain concentration which can be considered as optimal. 
The concentration dependence shows almost no change after 30 min of 
washing in TBS/Tween-20 solution (the circles in Fig. 12-5), which 
confirms the stabilization of the film by the proteins. 

 

Figure 12-4. FE SEM images of two substrates from one batch: a)  12 nm silver film 
(transmission at 568 nm T= 0.27) ;  b) 12 nm silver film inside Ab spot  (T =  0.23-0.27); c)  
same substrate as b) but inside antigen (FLAG-BAP) spot (T = 0.4). Images were collected 

eight weeks after fabrication; proteins were deposited one week after fabrication. 



12 Chapter 12
 

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7

0 0.5 1 1.5 2 2.5
uM

A
=-

lo
gT

A, deposited A, after washing

 

Figure 12-5. Absorbance at 568 nm inside protein spot (anti-interleukin 10) versus protein 
concentration. 

SERS ENHANCEMENT
Depending on the mass thickness of the initial film, small or large fractal-

like aggregates can be formed. The analyte SERS signal, normalized per 
metal mass coverage, is comparable for both the small (Fig. 12-3b) and large 
aggregates (Fig. 12-4b, c) that we examined. SERS enhancement is high 
enough to detect a monolayer of analyte.49 Note that an aggregated structure 
provides conditions for both electromagnetic and chemical SERS 
enhancements. Even small aggregates provide strong electromagnetic 
enhancement in the visible and near infrared, as has been shown for 
polarization nonlinearities58 and SERS.31 Large aggregates typically have a 
fractal morphology, which is known to provide a particularly strong SERS 
signal.22,39 In addition, the first molecular layer may also produce conditions 
to make an optical tunnel current possible, either through the molecule at the 
point of nearest approach between two particles,59 or through a system 
operating as a molecular tunnel junction between particles across a vibrating 
molecular bridge.60 Thus, adaptive feature of our films produces cavity sites 
enclosed by two or more particles, which are optimal for enhanced Raman. It 
is even more important that the cavity sites are naturally filled with proteins 
as a result of restructuring. 

The measured macroscopic enhancement factor for insulin on our ASF 
substrate49 relative to normal Raman of insulin on quartz is about 3x106. This 
is among the largest observed for random metal-dielectric films: 105 for 
nitrobenzonate19 and 5.3x105 for trans-1,2-bis(4-pyridyl)-ethylene.42

A metal nanostructured film positioned near a mirror-like metal surface 
with a sandwiched dielectric layer has been employed to further increase 
SERS signal from ASF based biosensors.52 Such a sandwich structure can 
show dramatic change in the film’s optical properties.61-63 The sandwich 
structure (Fig. 12-6b) contains a bulk silver layer (80 nm) deposited on glass, 
then a layer of SiO2 (10 nm), and finally a 12 nm nano-structured silver film.  
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So, relative to the usual ASF (Fig. 12-6a) it has an additional sublayer of 
bulk metal. The bulk silver layer provides an additional enhancement of the 
local fields caused by interaction between particles and their images in the 
bulk layer and far-field interactions between particles. Test experiments with 
three analytes (human insulin, anti-human interleukin 10, and anti-human 
interleukin 10 incubated with 1 nM R6G) show that the multi-layer sandwich 
structure provides a signal increment of roughly 4-5 at least relative to the 
usual ASF.  

b)

Ag/SiO2/glass
10 nm
12 nm

Ag/SiO2/glass
10 nm
12 nm
10 nm
12 nm

a)

Ag/SiO2/Ag/glass

80 nm

10 nm
12 nm

Ag/SiO2/Ag/glassAg/SiO2/Ag/glass

80 nm

10 nm
12 nm
80 nm

10 nm
12 nm

 

Figure 12-6. Vertical layer structure for ASF substrates: a) two-layer structure, b) multi-layer 
structure with an additional thick metal sublayer. 

To summarize the above discussion, adaptive silver films allow protein-
mediated restructuring of the metal nanoparticles, which makes it possible to 
address three issues.  Specifically, proteins adsorb on the metal surface 
without significant structural changes (soft-adsorption), the silver film 
stabilizes which makes the analyte/metal combinations resistant to washing, 
and the SERS signal improves for given set of particles. 

4.  SERS OF INSULIN AND ANTIBODY-ANTIGEN 
BINDING DETECTION 

We first discuss ASF experiments involving the detection of insulin 
analogs. Next we cover the detection of antibody-antigen binding events 
using ASF substrates. 

In general, protein sensing using Raman spectroscopy provides important 
structural information on conformational changes. Changes between native 
and denatured insulin in the solid form as well as the spectral features of 
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proinsulin and insulin fibrils were studied previously.64-66 Signatures of 
allosteric conformation changes in hexameric insulin have been assessed 
using Raman difference spectroscopy.67

Insulin is a protein consisting of 51 amino acids split into two chains 
(called A and B) and is a glucose regulation agent in the bloodstream. The 
experiments with adaptive substrates49 examined the differences in Raman 
spectra of two insulin isomers, human insulin and its analog insulin lispro. 
These two insulins differ only in the interchange of two neighboring amino 
acids; specifically, the propyl-lysyl sequence at the C-terminus of the B-
chain in insulin lispro is inverted as compared to human insulin. This propyl-
lysyl switch leads to conformational changes at the C- and N-termini and has 
an important clinical effect for diabetes treatment. The difference in SERS 
spectra for the two insulins (see Fig. 12-7) was detected at a sub-monolayer 
density of 80 fmol/mm2, with only 25 amol in the probed area. 

 

Figure 12-7. SERS spectra collected at 568 nm incident laser wavelength for human insulin 
(blue) and insulin lispro (red) on ASF substrates.  The SERS difference spectrum (insulin – 
lispro) in the lower panel clearly shows the observed spectral differences between the two 

isomers. 
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A comparison of our SERS and normal Raman spectra for insulin on a 
quartz surface50 and for Zn-insulin in solution67 suggests that the SERS 
spectra reveal all known Raman fingerprint spectral peaks for insulin. The 
Raman peaks are assigned mainly to amide I and amide III bands of peptide 
backbone vibrations, to vibrational modes of Phe (located at the B1, B24, 
and B25 residues of the B-chain) and tyrosine (Tyr) (A14, A19, B16, and 
B26).64   

The SERS difference between the two insulins can be attributed, in part, 
to i) Phe B1 displacement, and ii) the α-helical N-terminus of the B-chain in 
human insulin, which is a feature of the R-sate conformation. As mentioned, 
insulin is adsorbed on the surface primarily through the N-terminus.  
Because of the excess negative charge, metal particles attract the positively 
charged N-terminus of the B-chain and thus move Phe(B1) closer to the 
surface. Depending on the conformational state of the displaced Phe(B1), it 
can be at different distances and thus have different orientations with respect 
to the metal surface, enabling the observed increase in Phe peak intensities 
by a factor of 1.4 for human insulin as compared to insulin lispro. The CH 
deformation band at 1385 cm-1 and the C-C skeletal band at 940 cm-1 are 
stronger in human insulin than in insulin lispro. The 890-945 cm-1 band is a 
characteristic spectral line for an α-helix and is known to be sensitive to 
structural changes.68-71 This spectral line is typically centered at 940 cm-1 and 
disappears or displays weak intensity upon conversion to β-sheet or random 
coil structures. It is also known that the C-H deformation band at 1371 cm-1 
appears for the R6 conformation of hexameric human insulin, which has the 
longest sequence (B1-B19) of α-helix.67 We note that this band appears in 
R6-T6 Raman difference spectra and disappears in T3Rf

3- T6 spectra.67 This 
points out the critical contribution of the α-helical residues Phe(B1), Val(2), 
and Ala(B3) at N-termini of R6 hexamers in the C-H deformation band at 
1370-1385 cm-1.  The observed differences in the SERS spectra suggest that 
human insulin and insulin lispro have different conformational states on the 
surface. Specific orientations of molecular bonds on the silver surface 
emphasize the SERS spectral difference between the two insulins, making 
the differences much stronger than for conventional Raman. The observed 
SERS spectral differences are in agreement with X-ray crystallographic 
studies of hexameric human insulin and insulin lispro.72

Since human insulin and its analog have the same set of side chains and 
differ only in conformational states, the observed difference reveals Raman 
features of the conformational state with the use of ASF substrates. In this 
study we used Raman difference spectroscopy, which is a general method of 
probing protein structure for comparison between closely related proteins,73 
which we extended to SERS in order to study the spectral features of insulin 
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conformation. In our experiments, all insulin vibration modes are enhanced 
by approximately the same factor. This makes the SERS spectra similar to 
the conventional Raman spectra in liquid and solid forms and simplifies the 
analysis. 

We have also studied ASF substrates for use in antibody/antigen binding 
research. The detection of protein binding by optical means is of critical 
importance to current protein analysis, and promises to lead to a number of 
exciting future applications in biomedical diagnostics, research and 
discovery. The results show that SERS substrates based on ASFs allow 
direct, label-free SERS detection of antibody-antigen binding at a monolayer 
level. In experiments we used the following protocol. Antibodies (anti-
FLAG M2 monoclonal antibody) were immobilized on ASF substrates to 
form a monolayer array, followed by incubation with an antigen solution at 1 
nM concentration (C-terminal FLAG-BAP (bacterial alkaline phosphatase)).  
In each experiment, after the immobilization of antibodies and incubation 
with antigens the film was washed for about 20 min in a TBS/Tween-20 (as 
mentioned in Section 3) and then rinsed five times with deionized water. 
After washing, SERS spectra were collected to observe spectral changes 
following the incubation of antibodies with the antigen. Antigen-antibody 
binding events result in distinct SERS spectral changes as shown in Fig. 12-8 
(blue – before incubation, red – after). In a control experiment incubation 
with BAP containing no FLAG reveals no spectral changes (Fig. 12-8, green 
spectra). It is important to note that ASF substrates allow independent in situ 
binding activity validation using traditional chemiluminescence and 
fluorescence methods. Such validation has been performed and confirms that 
antigens and antibodies retain their binding properties on our SERS-active 
substrate. As with insulin, we find that the deposited biomolecules 
(antibodies or antigens in this case) restructure and stabilize the ASFs so that 
the protein binding activities are preserved and, in parallel, SERS is 
improved. 
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Figure 12-8. Antibody (anti-FLAG M2 monoclonal) and antigen (C-terminal FLAG-BAP) 
binding events. Spectra were taken before antigen incubation (blue) and after antigen 

incubation (red), nine spectra each. As a control experiment, non-binding BAP without FLAG 
was incubated on an antibody array, and the resulting SERS spectra (green) reveal no spectral 

changes.  

Label-free detection using the ASF method produces unique advantages 
relative to prior optical binding detection methods (typically based on 
different types of labels) such as scintillation counting,74 electrochemical,75 
enzymatic,76 fluorescence,76-78 and chemiluminescence methods.79 An 
additional feature of ASFs is an ability to employ various detection methods 
on the same substrate, such as label-free SERS, chemiluminescence, and 
fluorescence.   

ASF substrates used for protein microarrays reveal a promising 
opportunity to detect SERS spectra along with a fluorescence signal. Results 
from a microarray prepared using a quill-type spotter show that ASF 
substrates enable both fluorescence (with excitation at 633 nm) and SERS 
with no fluorescence (excitation at 568 nm) for the streptavidinCy5 
fluorescence reporter.52 SERS spectra of streptavidinCy5 can be used to 
distinguish between desirable and undesirable binding events. Since the 
interaction of biotin with streptavidin forms the basis of several widely used 
detection methods in bio-array technology, this application of SERS 
detection could be very important. 
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5. SUMMARY 

Adaptive silver films allow protein sensing at monolayer surface density. 
The adaptive property of these substrates enables the adsorption of proteins 
without significant alteration in their conformational state. In an example 
using human insulin and insulin lispro, the results show that the SERS 
spectra reveal unique features attributable to distinct conformational states, 
which is in agreement with X-ray crystallographic studies. The experiments 
on protein array applications show evidence of distinct SERS spectral 
changes upon antigen-antibody binding using direct, label-free detection. 
Independent immunochemical assay validation confirms that the antibodies 
retain binding properties on ASFs. Experiments with a sandwich structure 
including a bulk metal layer below the ASF structure reveal a promising way 
to further improve the sensitivity of SERS-based biosensors. 
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