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Abstract

Polymer based nanocomposites containing metal nanoparticles (e.g. Au, Ag) have gained 
increased attention as a new class of SERS (Surface Enhanced Raman Scattering) sub-
strates for analytical platforms. On the other hand, the application of SERS using such 
platforms can also provide new insights on the properties of composite materials. In this 
chapter, we review recent research on the development of SERS substrates based on poly-
mer nanocomposites and their applications in different fields. The fundamentals of SERS 
are briefly approached and subsequently there is a reference to the strategies of prepara-
tion of polymer based nanocomposites. Here the main focus is on SERS studies that have 
used a diversity of polymer based nanocomposites, highlighting certain properties of the 
materials that are relevant for the envisaged functionalities. A final section is devoted to 
the joint use of Raman imaging and SERS in nanocomposites development, a topic that 
presents a great potential still to be explored as shown by the recent research in this field.
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1. Introduction

There has been a long-standing interest in the application of metallic nanoparticles (NPs), in 
particular of gold (Au) and silver (Ag), due to their unique optical properties [1–6]. The dis-
persion of very small (submicrometric to nanometric) metal particles in materials that act as 
host matrices (e.g. glass) has been empirically exploited to confer bright and colorful effects, 
resulting from scattering and absorption of visible light. In fact, there are several examples of 
earlier technological applications that include the use of fine divided gold in glass materials 
in order to obtain beautiful colors, such as in stained glass windows [7, 8]. Nowadays, metal 
NPs are considered crucial in a series of devices derived from nanotechnological approaches 
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and which are expected to expand in the near future in several applications and techniques. 
Among these techniques, Surface Enhanced Raman Scattering (SERS) has emerged in the 
past decades with great importance. Although the discovery of the SERS effect dates back to 
the 70’s, [9] in the last decades, this technique has been improved due to the huge progress 
observed in Raman instrumentation and also in recent research specific to nanoscale materi-
als. Indeed, the design of SERS active and highly sensitive analytical platforms has been a 
major goal in several fields, due to the impact in trace chemical analysis, environmental moni-
toring, medical applications and food safety [10–16].

This chapter intends to present recent developments concerning polymer based nanocom-
posites containing metal nanofillers for SERS applications, in some situations based on stud-
ies of metal loaded polymers prepared in our laboratory. In order to contextualize the SERS 
application of these polymer based nanocomposites, the synthesis of the nanostructures and 
some fundamental aspects of SERS are briefly introduced [17–25]. Polymer based composites 
for SERS, containing metallic fillers, have been largely documented for the vestigial detection 
of several bio-analytes. Illustrative examples on the use of polymer based composites as new 
platforms for SERS are described in more detail, reviewing their use for chemical analysis. 
The importance of Raman imaging in SERS studies is also explored because is a recent devel-
opment with a great potential for the research on new SERS substrates.

2. Fundamentals of surface enhanced Raman scattering

Chandrasekhara Venkata Raman (Nobel Prize in Physics, 1930) and his student Kariamanickam 
Srinivasa Krishnan reported in a scientific paper entitled “A new type of secondary radia-
tion,” the phenomenon that we now call the Raman effect [26]. This effect involves inelastic 
scattering of light when the photons strike a certain medium containing molecules. Although 
the number of photons resulting from the elastic dispersion (Rayleight scattering) of light 
coming from a laser source is greater than that of the inelastic dispersion, thus giving rise to a 
more intense signal, it is the spectral information collected from the inelastic collision that is 
of interest for Raman spectroscopy [27–30]. Indeed, the bands that are observed in a Raman 
spectrum (Stokes and anti-Stokes shifted in relation to the excitation line) are associated to 
certain vibrational modes existing in molecules and materials and can thus give information 
about their structure and other properties. The use of Raman spectroscopy in certain areas 
of application was, until recently, limited by two main factors. One of these factors can be 
considered extrinsic to the phenomenon and depends essentially on the development of more 
sensitive and affordable equipment. The other factor is intrinsic to the Raman effect, since it 
is a physical process that results in low-intensity spectral bands, because of the low scattering 
cross-section (10−29 cm2 molecule−1), limiting its use as a high sensitive analytical technique 
[30–32].

The SERS (surface enhanced Raman scattering) effect was discovered about 44 years ago dur-
ing studies applied to a silver electrode and an aqueous solution of pyridine [9]. Unexpectedly, 
this experiment revealed an increase in the Raman signal of pyridine adsorbed on the metal 
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surface. A few years later, other research groups advanced the currently accepted explanation 
for this observation [33, 34]. The interpretation given considered that the Raman signal inten-
sification occurred due to adsorption of molecules on rough metallic surfaces. It is generally 
accepted today that the intensification occurring in SERS is due to two distinct mechanisms: 
the chemical interaction of the analyte with the metallic surface (signal intensification 10–102) 
and the enhancement of the local electric field at the junction of the metallic NPs (signal inten-
sification can reach up to 1011) [32, 35, 36]. The chemical mechanism (CM) for the SERS signal 
enhancement is related to the adsorption of molecular species on the metal surface, namely 
the surface selection rules, the type of interaction between the metal and the molecule and the 
chemical nature of the adsorbed molecule itself [36–38]. The electromagnetic mechanism (EM) 
is the dominant contribution to SERS and does not depend necessarily on the establishment of 
a chemical interaction between the analyte and the metal surface, contrary to what happens in 
the chemical mechanism. According to the EM, the intensification of the local electromagnetic 
field is mainly due to the excitation of the surface plasmons of the metal by the incident light 
[39–41]. While the CM is a short-range effect, the EM is a long-range effect, in the sense that it 
does not require that the molecular species is in contact with the metal surface and can still be 
observed a few nanometers of distance from the metal surface. Figure 1 presents a scheme of 

Figure 1. (A) Scheme illustrating the chemical mechanism (CM) that occurs in SERS. (a) Ground state chemical 
enhancement; (b) resonance Raman enhancement; (c) charge-transfer resonance enhancement, where Ef represents the 
local electromagnetic field; HOMO represents the highest occupied molecular orbital and LUMO represents the lowest 
unoccupied molecular orbital); (B) Scheme illustrating the electromagnetic mechanism (EF), in which the I represents 
the intensity of Raman; Ei represents the incident electric field; Ei,s represents the field which is intensified by the metal 
and (Ei + Ei,s) represents the incident enhanced field; Er represents the scattered Raman field, which can be intensified by 
the metal creating Er,s; (Er + Er,s) represents the scattered enhanced field. ([10] - Reproduced by permission of The Royal 
Society of Chemistry.).
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the different types of contributions to the chemical enhancement mechanism and the electro-
magnetic enhancement mechanism in SERS.

The contribution of nanotechnology, and in particular of the Chemistry of Nanomaterials, 
to the resurgence of studies and applications of Raman spectroscopy in materials charac-
terization and the improvement of  analytical techniques cannot be surprising. Indeed, the 
SERS effect allows the range of applications of Raman spectroscopy to be expanded but it is 
still very dependent on the quality of the substrates used to obtain signal intensification. The 
substrates most used for these purposes are based on Ag and Au nanostructures, although 
the SERS effect using other types of surfaces have been reported [42–45]. A variety of studies 
have demonstrated that the enhancement of the localized electromagnetic field occurs in close 
vicinity of metal NPs, metal nanotips or in metal surfaces with specific nanopatterns. The 
positions in which the strongest enhancement of the local electromagnetic field is observed 
correspond to the so called hotspots, due to the strongly enhanced Raman signals observed 
for certain molecular adsorbates [46–52]. Chemistry provides the synthetic tools to control the 
morphology and size of metal nanoparticles as well as other nanostructured materials and 
therefore has been widely used in the development of highly sensitive and reproducible SERS 
substrates. It should be noted that the sensitivity of some of the SERS substrates reported in 
the literature allows the analyte detection at the single-molecule level [53–55]. The fact that 
Raman spectroscopy is a non-destructive technique and can also be used for materials imag-
ing, are additional factors that make this technique increasingly relevant in chemical analysis 
and materials characterization. In particular, the SERS technique is a valuable tool for the 
surface characterization of materials. For example, it is possible to obtain information about 
the surface of a metal using molecules that once adsorbed will function as molecular probes 
[56]. In addition, it is possible to obtain information about the orientation of these molecules, 
applying surface selection rules that were established in earlier studies [11, 39, 57].

3. Polymer based nanocomposites

By definition a composite is formed by at least two distinct materials whose chemical iden-
tity is preserved in the final material. Typically, a composite contains a material (filler) that 
is dispersed in a larger amount of a distinct material that acts as the host matrix. In the case 
of having a polymer as the host, such material is referred as a polymer based composite. For 
the particular situation, in which the fillers have at least one dimension at the nanoscale, the 
material is called a nanocomposite. Hence, polymers, either synthetic or of natural origin, 
that contain inorganic nanoparticles form an important class of nanocomposites. In particu-
lar, polymer based nanocomposites containing metallic nanoparticles (NPs) as fillers, are 
the object of this chapter due to their role as hybrid substrates for SERS analysis. Several 
approaches have been reported in order to produce polymer nanocomposites containing 
metal NPs as fillers. Briefly, these preparative methods can be divided in two main catego-
ries, depending if the metal nanofillers were generated in situ or previously prepared and 
then used for the composite fabrication. These approaches will be designated here as i) in 
situ and ii) ex situ. In the in situ method, the metallic nanofillers are prepared by chemical 
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reduction methods in the presence of a polymer; in the ex situ approach, the metallic NPs 
are previously synthesized and then mixed with a polymer matrix, forming homogeneous 
blends composites (blending method) or, after surface modification procedures applied at 
the filler’s surfaces [10, 58, 59]. These preparative methods will be briefly described in the 
next sections. Table 1 lists some methods for preparing these composites based on polymers 
of natural and synthetic origin.

3.1. Chemical reduction (in situ method)

In this methodology, metallic nanofillers are produced by chemical reduction of a metal pre-
cursor using reducing agents such as sodium citrate or sodium borohydride, in the presence 
of a polymer. This strategy generates nanocomposites whose morphology can vary, such as 
in a polymeric shell and a metal core [60, 61, 77, 96, 102], a polymeric core and a metal shell 
[95] or a polymeric matrix having dispersed metallic fillers [68, 69, 97]. In particular cases, 
the polymer can act as reducing agent due to specific functional groups, avoiding the use 
of an external reducing agent [61, 73]. The advantages of this one-step approach relies on its 

Polymer matrix Preparative method Metallic NPs

Natural polymers Chemical reduction Ag [60–72]

Au [73–76]

Cu [77–80]

Blending or “grafting to” approach Ag [66, 67, 81–87]

Au [88–92]

Cu [79]

Au@Ag [93]

UV light reduction of the metal ions Ag [66, 94]

Au [94]

Au@Ag [94]

Synthetic polymers Chemical reduction Ag [95–102]

Cu@Ag [103]

Blending or “grafting to” approach Ag [104, 105]

Au [106–112]

In situ polymerization or “grafting from” approach Ag [113–118]

Au [58, 108, 116, 119–124]

Au@Ag [125]

Fe3O4@Ag [48]

Electrospinning method Ag [126, 127]

Au [126]

Au@Ag [128]

Table 1. Preparative methods of polymer/metal nanocomposites.
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simplicity, although the resulting nanocomposites may exhibit inhomogeneity in terms of 
morphology and fillers distribution in the polymer matrix [10, 129].

In situ preparation is commonly used to prepare biopolymers based nanocomposites because 
natural polymers might be used to induce control over NPs size and aggregation state [63, 70], 
promoting the required biocompatibility for specific applications namely medical diagnostic 
and target detection in SERS [60, 64]. Polysaccharides such as chitosan [64, 65, 71, 72, 74], aga-
rose [60, 63, 70], glucose [102], hyaluronic acid potassium salt [75] and cellulose [67–69] have 
been used as polymeric matrices for the one-step preparation of such polymer based nanocom-
posites. The preparation of composites containing polysaccharides in which in situ chemical 
or UV light reduction of metal ions occurred has been subject of great interest. Indeed, these 
nanocomposites can be applied in a variety of domains such as antimicrobial agents [66, 80], 
platforms for chemical detection [68, 69], textile dyeing monitoring process [67] and electronic 
paper [79]. For example, bacterial cellulose has been investigated as an alternative host matrix 
to vegetable cellulose in the preparation of electronic paper, SERS substrates and antimicrobial 
agents by using metal NPs as fillers. More recently, we have demonstrated that Raman imag-
ing is a useful technique to characterize and monitor the textile dyeing process of antimicrobial 
fabrics [67]. Figure 2 provides examples of cellulose composites for diverse applications.

The use of polysaccharides in the form of hydrogels have also been reported as matrices for dis-
persing metallic NPs, in certain cases showing capacity to collapse or be lyophilized upon drying 
and recover their structure by rehydration and subsequent use in SERS analysis [60, 63, 65]. For 

Figure 2. Examples of applications for cellulose based nanocomposites loaded with metal NPs: a) Raman image obtained 
using the integrated intensity of the Raman band at 1620 cm−1 in the SERS spectra of methylene blue 10−4 M using a linen 
based composite containing Ag NPs as substrate (excitation at 633 nm); [67] Ag/bacterial cellulose nanocomposites for 
SERS biodetection of phenylalanine; [69] c) Nanocomposites containing copper based NPs and cellulose to be used as 
antibacterial agents against Staphylococcus aureus [80].
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example, Brust and co⁻workers have described the preparation of Ag loaded agarose hydrogels, 
in which the metallic nanofillers are trapped inside the polymer network due to the agarose 
capability to dry and rehydrate. In this particular case, the use of agarose as polymeric matrix 
provides the formation of a recyclable SERS substrate, in which the 1-naphthalenethiol used as 
analyte can be washed out by dialysis and the composite can be reused again [60]

Nanocomposites containing gelatin [61, 76, 77], natural rubber [73] and distinct synthetic 
polymers [98–101] have been also prepared using in situ methods. For instance, Wu and 
his team have reported the fabrication of Ag loaded poly(styrene) microspheres using the 
chemical reduction method for the SERS detection of organic molecules such as dyes. [98]. 
The authors have used the complex [Ag(NH3)2]+ as precursor and the poly(vinylpyrrolidone) 
(PVP) and poly(dopamine) (PDA) as linkers to attach the Ag ions into the PS microspheres 
surface by hydroxylic and aminic groups.

3.2. Blending or “grafting to” approach

Blending metallic nanofillers with a polymeric matrix is a simple methodology to fabricate 
nanocomposites with efficient SERS activity [84, 104, 106, 107, 124]. Besides its simplicity, this 
is a cost-effective and easily scalable method over a large area [90, 130]. In the literature, there 
are some reports on the use of synthetic polymers such as poly(methyl metacrylate) [105, 109], 
poly(t-butyl acrylate) [107], polystyrene-block-poly(acrylic acid) [110] and poly(vinyl alcohol) 
[128] as matrices for the incorporation of metallic NPs and subsequent use as SERS platforms. 
Although not so common in SERS research context, natural polymers can also be used as 
polymeric matrices for the preparation of polymer based composites, in which water compat-
ible metal NPs are normally used. Marsch et al. have reported the development of a surface 
enhanced resonance Raman scattering (SERRS) substrate containing Ag NPs with a positive 
surface charge, due to a poly-L-lysine coating, which was then used in the analysis of organic 
anions [86]. In their work, these polymer based composites were successfully used as SERS 
substrates for the detection of bilirubin, a organic molecule of clinical interest formed as a meta-
bolic waste product of heme breakdown. More recently, Chang et al. have reported flexible 
SERS substrates based on common filter paper loaded with gold nanorods, which exhibited 
more than two orders of magnitude SERS enhancement compared to silicon-based SERS sub-
strates [92]. The authors have demonstrated that these platforms are excellent candidates for 
trace chemical and biological detection due to their efficient uptake, and transport of the ana-
lytes from the dispersing liquid to the surface of metal nanostructures.

Other examples of bionanocomposites containing metallic NPs have been reported including 
those based on chitosan [81], pullulan [83], cellulose [67, 79, 82], gelatin [85, 88] and carra-
geenan [84, 89]. Figure 3 illustrates the use of biopolymers and Ag NPs in the fabrication of 
composites for antimicrobial and SERS applications. In certain situations, these applications 
can be complementary, such as in the case of producing a gel that due to the presence of Ag 
not only has the ability for SERS detection but also lasts longer periods of time due to the 
antimicrobial characteristics.

In ex situ methods, the polymer can be used either as a continuous phase or as an aqueous 
emulsion. For example, Lee et al. have reported the preparation of several metallic nanofillers 
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with distinct sizes and shapes, which were used to decorated PS spheres stabilized in aqueous 
emulsion, producing active SERS platforms [104]. In addition, Fernández-López et al. have 
studied the thermoresponsive optical properties of poly(N-isopropylacrylamide) (pNIPAM) 
microgels doped with Au nanorods (Au NR) characterized by two different aspect ratios, 
observing a reversible behavior [112]. The thermoresponsive SERS sensitivity of the poly-
mer composites was also analyzed using three different laser lines, demonstrating excitation 
wavelength-dependent efficiency, which can be controlled by either the aspect ratio (length/
width) of the assembled Au NR or by the Au NR payload per microgel.

3.3. In situ polymerization and “grafting from” approach

Current polymerization procedures can be fine-tuned to fabricate metal load composites to 
be used as SERS active platforms. These include (mini)emulsion polymerization, suspen-
sion polymerization, atom transfer radical polymerization (ATRP) and reversible addition 
fragmentation chain transfer (RAFT). In in situ polymerization methods, the surface of the 
metallic nanofillers are modified with initiating species or chain transfer agents, allowing the 
growth of polymer chains from the metallic NPs surfaces [131]

By using the in situ emulsion polymerization, particles of the polymer based composite can 
be prepared with sizes ranging the micrometer and nanometer scale [117, 132]. In brief, this 
polymerization technique involves the formation of stable oil-in-water emulsions composed 
by small droplets of hydrophobic monomer dispersed in water that act as reactors after an 
initiator has been added. These micelles might contain surface modified inorganic NPs that at 
the end of the polymerization are coated or attached to the as prepared polymer.

Other polymerization strategies comprise the “grafting from” approach using reversible addition 
fragmentation chain transfer polymerization (RAFT) and atom-transfer radical polymerization 
(ATRP). There are a few reports on the use of ATRP and RAFT to produce metal/polymer SERS 

Figure 3. Blending of natural polymers and Ag NPs aiming at the fabrication of nanocomposites for SERS detection of 
analytes and antimicrobial applications.
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substrates. RAFT is a controlled radical polymerization approach, which involves multistep syn-
thesis and sequential purification procedures. This polymeric approach is commonly used in the 
preparation of polymers with sulfur end groups, namely xanthates, dithioesters and thiocarba-
mates, that can be easily reduced to thiols [58, 133]. Besides the control of molecular weight and 
dispersity indexes of the polymers, several molecular structures can be achieved with the RAFT 
polymerization namely brush polymers, linear block copolymers, dendrimers and stars [58, 78, 
116]. The polymer chains of the polymer based composites prepared by RAFT polymerization 
can be chemically functionalized with biomolecules that can be further used as SERS reports on 
the detection of specific analytes. In particular, metal loaded polymer composites functionalized 
with SERS reporters can be useful to conclude about the influence of the laser light source used 
in the target molecules or on the diffusion of the molecular probes through the polymer matrix. 
[58, 78, 134]. For example, Merican et al. have reported the surface modification of Au NPs with 
several SERS reporters, by using RAFT polymerization, in which a variety of polymers contain-
ing dithiocarbamate end groups were used. These polymer based composites were successfully 
used as SERS platforms for the detection of 2-naphthalenethiol and 2-quinolinethiol [58].

On the other hand, the ATRP approach controls the dispersity indexes and the molecular 
weight of the polymers by comprising an atom transfer step in the polymer chain growth 
phase in the polymerization [108, 120, 135, 136]. For example, core/shell structures prepared 
from surface functionalization of Au and Ag NPs by ATRP are often applied in a variety of 
fields such as catalysis, environmental monitoring, SERS detection and drug delivery [108, 
120–122]. Mangeney and co-workers have fabricated Au–pNIPAM composites via ATRP 
method for the detection of methylene blue [121]. The authors have demonstrated that these 
hybrid materials are thermosensitive platforms, in which the Raman signal of the dye mol-
ecules increase with the increase of temperature. In addition, Yin et al. have reported the 
preparation of Au loaded polymer composites by ATRP approach to be used as SERS sensors 
with specific selectivity for Cd2+ [122].

Our own investigation in this field has the focus on the preparation of such polymer based 
composites by in situ polymerization using distinct synthetic strategies, such as emulsion 
[137], suspension [138, 139] and (mini)emulsion polymerization [140, 141], a variant of emul-
sion polymerization. In the latter, the emulsions are nanosized and organically capped NPs 
can be allocated in the interior of the hydrophobic monomer droplets [142, 143]. The final 
properties of the polymer based composites can be tuned by varying several parameters 
namely the amount of monomer, surfactant, the size and surface organic capping of the inor-
ganic NPs [143]. We have reported several organically capped NPs successfully coated with a 
series of polymers, using the (mini)emulsion polymerization, namely metallic NPs [113–115, 
119], quantum dots [141, 144–146], ferromagnetic NPs [147] and lanthanide compounds [148, 
149] Esteves et al. have reported pioneer research in this field by describing the encapsula-
tion of TOPO capped CdS and CdSe quantum dots (QDs) using poly(styrene) and poly(t-
butylacrylate) as polymeric matrices [141]. They have demonstrated that by using the (mini)
emulsion polymerization method, organically capped QDs NPs could be used as fillers lead-
ing to nanocomposites that still exhibit the typical photoluminescence of the dots at room 
temperature. Pereira and co-workers have synthesized oleylamine capped EuS nanocrys-
tals from single-molecule precursors and investigated their use as fillers for polymer based 
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composites [148]. In this work, it was demonstrated that the magnetic properties observed 
for the EuS/poly(styrene) nanocomposites have varied in comparison to the starting EuS 
nanocrystals, which result from surface effects due to dispersion of the EuS nanocrystals 
within the polymer beads. Martins et al. have obtained stable aqueous emulsions of distinct 
polymer based composites containing either Au NPs or CoPt3 NPs via (mini)emulsion polym-
erization method. In the former, the optical properties of such composites depend not only 
on the Au NPs employed in their synthesis but also on the resulting morphology for the final 
composites [119]. In the later, they have demonstrated for the first time the preparation of a 
ferromagnetic polymer based composite composed by a magnetic core of CoPt3 NPs encap-
sulated by poly(t-butylacrylate) [147]. As a proof of concept, the chemical binding of bovine 
IgG antibodies to the hydrolyzed surfaces of CoPt3/PtBA nanocomposites was described. 
This strategy has established an interesting route for the development of nanocomposites 
materials for in vitro bioanalysis assays, which have been extended to other magnetic mate-
rials [150]. Figure 4 presents TEM images of several polymer based composites prepared 
by (mini)emulsion polymerization. Although this method allows the preparation of diverse 

Figure 4. TEM images of nanocomposites prepared by (mini)emulsion polymerization: a) Ag/poly(methyl metacrylate); 
[115] b) EuS/poly(styrene) ([148]–Reproduced by permission of The Royal Society of Chemistry); c) Au/poly(styrene) 
(adapted with permission from [119]) and d) Fe3O4/poly(styrene) particles mixed with free PS beads (courtesy of P. C. 
Pinheiro).
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metal loaded polymer nanocomposites, there is also the presence of free polymer particles in 
the final emulsion. For certain applications this is not necessarily a limitation but nevertheless 
other options should be considered. For example, the use of magnetic NPs as fillers, such as in 
the case shown in Figure 4d for magnetite in poly(styrene), allows the application of magnetic 
separation in order to separate the nanocomposite from the free polymer beads.

4. Metal loaded polymer nanocomposites as SERS substrates

In the last years, a series of polymer-based nanocomposites containing plasmonic metal NPs 
have been investigated as a new class of SERS substrates. The preparation and properties of such 

Polymer matrix Metallic NPs Applications

Natural Gelatin Ag Biomolecular detection [61]

Environmental monitoring [85]

Cu Biomolecular detection [77]

Gum Arabic Ag Biomolecular detection [62]

Agarose Ag Biomolecular detection [63, 70]

SERS mapping and imaging [60, 63]

Ultradetection or single molecule detection [60]

Cellulose based materials Ag Biomolecular detection [69]

SERS mapping and imaging [67, 68]

Au Biomolecular detection [91]

Medical diagnosis and target detection [157]

Carrageenan Ag Biomolecular detection [84]

Paraffin Ag Biomolecular detection [90]

Alginate Ag Biomolecular detection [94]

Au Biomolecular detection [94]

Au@Ag Biomolecular detection [94]

Chitosan Ag Medical diagnosis and target detection [64]

In situ molecular changes monitoring [65]

Au Biomolecular detection [74]

Cu Substrate characterization [71]

Au@Ag Biomolecular detection [72]

Poly-l-lysine Ag Medical diagnosis and target detection [86]

Bovine serum albumin Ag Medical diagnosis and target detection [151]

Natural rubber Au Ultradetection or single molecule detection [73]

SERS mapping and imaging [73]

Hyaluronic acid potassium salt Au Biomolecular detection [75]
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Polymer matrix Metallic NPs Applications

Synthetic Poly(amide) Ag Biomolecular detection [87]

Poly(vinyl alcohol) Ag Biomolecular detection [95, 101]

Substrate characterization [97]

Au Biomolecular detection [126]

Medical diagnosis and target detection [126]

Au@Ag Biomolecular detection [128]

Cu@Ag Biomolecular detection [103]

Poly(styrene) Ag Biomolecular detection [98]

Substrate characterization [104]

Medical diagnosis and target detection [98, 117]

Poly(vinylpyrrolidone) Ag Biomolecular detection [99, 102, 105]

Poly(aniline) Ag Biomolecular detection [100]

Poly(t-butylacrylate) Ag Biomolecular detection [113, 114]

Au Biomolecular detection [107]

Poly(methyl methacrylate) Ag Biomolecular detection [115]

Poly(acrylamide) Ag Biomolecular detection [118]

Poly(acryloyl) Hydrazine Ag Biomolecular detection [162]

Poly(ethylene glycol) Au Medical diagnosis and target detection [11, 163]

Heavy metal detection [122]

Au@Ag SERS mapping and imaging [93]

Poly(pyrrole) Ag Substrate characterization [96]

poly(ethylene glycol)

diacrylate

Ag Medical diagnosis and target detection [164]

Poly(ethylene glycol 
dimethacrylate)

Au Medical diagnosis and target detection [109]

poly(ethylene glycol 
dimethacrylate-co-acrylonitrile)

Au Medical diagnosis and target detection [124]

SERS mapping and imaging [124]

Poly(styrene)-block-poly(acrylic 
acid)

Au Biomolecular detection [110]

Poly(N-isopropylacrylamide) Au Biomolecular detection [121]

Ultradetection or single molecule detection [123]

Au@Ag Biomolecular detection [125]

Fe3O4@Ag Environmental monitoring [48]

Poly(vinylidene fluoride) Ag Biomolecular detection [87]

Au Biomolecular detection [165]

Poly(hexamethylene adipamide) Au Ultradetection or single molecule detection [161]

Poly(acrylonitrile) Ag Biomolecular detection [127]

Poly(sodium 4-styrenesulfonate) Au@Ag Biomolecular detection [155]

Table 2. SERS applications of metal/polymer nanocomposites.
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composites depends on the type of coating employed to stabilize the metal NPs, which were used 
as fillers. As discussed in the previous chapter, metal loaded polymer composites can be pre-
pared by using different matrices such as synthetic [107, 113, 114, 123, 132] or natural polymers 
[61–63, 84, 87, 90, 151]. Polymer based composites containing metal NPs are of great interest due 
to their multifunctionality and potential for large-scale fabrication at low cost [23, 107, 152–154]

In the context of SERS, these composites appear as a promising alternative for the devel-
opment of efficient and scalable substrates for the detection of molecular species, such 
as dyes [68, 73, 95, 102, 103, 105, 121], biomolecules [64, 74, 75, 101, 113, 123, 155], and 
environmental pollutants [48, 60, 85]. For example, the application of polymer-based com-
posites as stable and active smart devices or SERS chips has increased in the last years 
[126, 156–159]. Gao et al. have described the preparation of chips composed by metal NPs 
embedded in polymer nanofibers mats. [126]. The authors have demonstrated that such 
composites doped with distinct metal NPs are facile to store and to transport, and can be 
easily fixed in slides or in microfluidic channels for SERS detection of a variety of analytes. 
Long and co-workers have reported SERS assays loaded with Ag NPs that result from a 
low-cost production process by using screen printing techniques [156]. Chen et al. have 
decorated commercial tape with Au NPs to be used as SERS platforms for the directly 
extraction and trace detection of pesticide in vegetables and fruits by a “paste and peel 
off” procedure [158]

Polymer nanocomposites containing metal NPs offer some advantages in SERS applications, 
namely by considering a judicious choice of the polymer used as the matrix. The polymer 
can be selected, for example, to provide a stimuli responsive platform or a porous polymeric 
matrix that facilitates the diffusion and entrapment of the biomolecules under analysis. In this 
context, an important objective in the application of SERS substrates has been the analysis of 
vestigial amounts of the target analyte for which minimal specimen preparation is required 
[69, 70, 72, 73, 107, 114, 115]. This is relevant to implement analytical protocols as many SERS 
applications are foreseen, such as environmental monitoring [48, 74], SERS mapping and 
imaging [67, 68, 93], medical diagnosis [109, 124, 126, 151, 160, 161] and substrate characteriza-
tion [71, 96, 107]. Table 2 lists polymer based composites mentioned in this chapter with the 
corresponding SERS applications by taking into account the type of polymer and the metal 
nanofillers employed.

In these nanocomposites, the polymer can also act as an active coating with influence in the 
interparticle distances of the dispersed plasmonic metal NPs and their close surroundings. 
These changes can endorse the formation of SERS active sites, the so called hot spots, that can 
be further accessed by molecular probes through diffusion in the polymeric matrix [113, 114, 
152, 164]. Braun et al. have reported a general approach to create hot spots in SERS substrates 
via NPs linking, polymer coating and molecular permeation [152]. The polymer coating holds 
the analyte within the nanojunctions created by several Ag NPs trapped within the polymer. 
However, this approach requires the use of a linking agent prior substrate preparation and 
has been reported only for analyte detection in solution. More recently, Kim and co-workers 
have reported the preparation of microgels containing Ag nanocubes, providing molecular 
size-selective permeability and high SERS sensitivity for acetylsalicylic acid (aspirin) [164]. 
The size of the Ag aggregates in the microgel matrix allows selective diffusion of small mol-
ecules and also promotes the formation hot spots in the close vicinity of the Ag nanocubes. As 
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such, these nanocomposite enable the Raman analysis of small molecules dissolved in com-
plex mixtures of proteins and cells without sample pre-treatment.

Metal loaded polymer composites are also suitable for applying analyte trapping strategies 
[22, 118, 123, 152, 166]. For instance, the diffusion of the analyte molecules within the polymer 
towards the metal surface can be facilitated not only by existent porosity but also by external 
stimuli such as temperature, pH, ionic strength and dehydration [22, 84, 88, 123, 162, 163, 
165]. Fateixa el al. have demonstrated that the gel strength of carrageenan hydrogel compos-
ites loaded with Ag NPs can be correlated with the signal enhancement observed in SERS 
studies [84]. This research has focused on the effect of hydrogel strength and temperature on 
the SERS behavior of these bionanocomposites for the detection of 2,2′- dithiodipyridine. In 
order to vary the gel strength of the biocomposite, several procedures were employed, such 
as the increase of the polysaccharide content in the gel, the addition of KCl as cross-linker, 
and varying the type of carrageenan (κ, ι, λ) gel. The authors have reported an increase in the 
SERS signal as the gel strength increased, which was attributed to the presence of sites with 
strong local electromagnetic field, that result from the formation of Ag particles nanojunc-
tions as the carrageenan macromolecules tended to rearrange into stronger gels (Figure 5). 
Also, Contreras-Cáceres et al. have prepared core/shell microgel particles composed by a 
poly-(N-isopropylacrylamide) (pNIPAM) shell and a metallic core such as Au and Au@Ag 
nanospheres or nanorods [41, 123, 125]. In these systems, the molecules under analysis, which 
were trapped in the thermoresponsive polymer shells and at the vicinity of the metal sur-
face, experience an enhancement of the Raman signal of about 105 times [41, 123, 125]. More 
recently, multifunctional substrates have been investigated by conferring magnetic proper-
ties to SERS substrates, thus allowing extraction of the molecular probes from liquid phase 
prior SERS analysis [48]. In this case, by encapsulating Fe3O4@Ag NPs in thermoresponsive 
pNIPAM shells, an increase of temperature promoted the formation of hot pots close to the Ag 
NPs. These new platforms were applied to monitor trace amounts of pentachlorophenol, a 
chlorinated environmental pollutant.

Figure 5. Illustration of biopolymer helices aggregation and consequently the creation of highly SERS sensitive Ag/k-
carrageenan hydrogels and digital photographs of Ag/carrageenan hydrogels with variable carrageenan amount (left); 
SERS spectra of 2’2-dithiopyridine using Ag/k-carrageenan hydrogels as substrates with variable amount of biopolymer: 
(a) 5 g/dm3; (b) 10 g/dm3; (c) 20 g/dm3; (d) 30 g/dm3 (right) [84] (Reprinted with permission from ([84]). Copyright (2017) 
American Chemical Society.)
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An interesting feature offered by certain polymer nanocomposites employed as SERS sub-
strates is their chemical functionalization envisaging molecular recognition [106, 152, 167]. Nie 
et al. have reported a strategy to detect tumors in living animals, using SERS substrates based 
on pegylated Au NPs [111]. In this research, the surface of Au NPs were functionalized with 
organic dyes, namely diethylthiatricarbocyanine and malachite green, which acts as Raman 
reporters. The Au NPs were coated with a polyethylene glycol with a thiol group and then 
functionalized with antibody fragments, which would target the tumor. The tumor detection 
was successfully accomplished using the SERS technique, monitoring the signal of the corre-
sponding Raman reporters. Additionally, Batt and co-workers have successfully prepared an 
apta-sensing SERS substrate composed by polymer-Au NP-aptamer composite microspheres 
that allows the detection of a target molecule such as malathion [109]. They have demon-
strated that these nanocomposites when attached to an aptamer have extraction capabilities 
for a pesticide, whose Raman signal is strongly enhanced due to the presence of the Au NPs.

Our research group has reported a series of polymer-based nanocomposites that enable the 
SERS detection of several analytes (Figure 6). In this context, synthetic polymers as well as 
polymers of natural origin have been investigated for these purposes. Examples include 
nanocomposites based on poly(t-butylacrylate), poly(methyl metacrylate), cellulose, linen, 

Figure 6. SERS analysis of biomolecules using polymer based composites as substrates. 1. detection of a DNA nucleobase 
using organically capped silver nanoparticles encapsulated with poly(t-butylacrylate) as SERS substrates; [113] 2. Au 
nanorods with poly(t-butylacrylate) for the detection of 2,2’-dithiodipyridine; [107] 3. Ag/gelatin nanocomposites as 
active SERS platforms for pesticide detection and release [85].
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carrageenan and gelatin, loaded with colloidal Ag NPs as SERS substrates. Ultimately, these 
nanocomposites might find use to fabricate analytical platforms for distinct end uses, such as 
paper products, smart textiles, thermosensitive materials and drug delivery [67, 69, 84, 85]. 
Fateixa et al. have described Ag/gelatin A hydrogel samples with distinct gel strength as plat-
forms for SERS detection and release of EtDTC, a pesticide model [85]. In this work, SERS 
was investigated as a spectroscopic method to detect the presence of low amounts of EtDTC 
in gelatin hydrogels, following the gradual release of the pesticide into water used as the dis-
persing medium. Noteworthy, this methodology can be used as an alternative to monitor the 
performance of hydrogel vehicles in the controlled release of pesticides, namely during the 
formulation and optimization stages of fabrication. On the other hand, PtBA matrices coating 
organically capped Ag NPs can be used either as aqueous emulsions or as cast films for active 
SERS substrates [114]. In this research, Trindade and co-workers have reported metal loaded 
polymer based composites with sensitivity for the SERS detection of thiosalicylic acid, even after 
the nanocomposite has been submitted to a temperature cycle (−60 to 65°C). The observations 
were interpreted by considering that the thiosalicylic acid molecules were entrapped within the 
polymer network and close to the Ag NPs. Similarly, DNA nucleobases, such as adenine, have 
been reported and detected by SERS using metal loaded polymer nanocomposites obtained by 
(mini)emulsion polymerization, namely Ag/PtBA and Ag/poly(metametylacrylate) (PMMA) 
[113, 115]. In addition, other plasmonic NPs can be used for the preparation of such polymer 
composites via (mini)emulsion polymerization namely gold nanorods (AuNRs). Fateixa et al. 
have reported SERS substrates obtained by a blending method of colloidal Au nanorods and 
PtBA aqueous emulsions [107]. The use of the blending method in this case limits morpho-
logical modifications of the rods that otherwise could occur in more drastic conditions. The 
composite blends were evaluated as SERS substrates, showing stronger signal enhancement 
when compared to the original Au NRs colloid, and using 2,2-dithiodipyridine as the analytical 
probe. This strategy involves a low-cost process with potential for the up-scale fabrication of 
SERS substrates, namely by using other types of polymers.

5. Raman imaging of functional polymer nanocomposites

In the last two decades, the rapid development of SERS has been in line with the scientific 
advances in nanofabrication and Raman instrumentation such as confocal Raman microscopy. 
Confocal Raman microscopy combines digital imaging technology with Raman spectroscopy 
in order to evaluate the chemical composition, molecular structure and spatial distribution of 
molecular components in a certain material, giving information about its homogeneity at the 
microscale level [168–171]. Delhaye and Dhamelincour have demonstrated for the first time 
the possibility to combine Raman spectroscopy and mapping microscopy in 1975 on a paper 
entitled “Raman microprobe and microscope with laser excitation” [172]. The authors have 
described the technique in detail, giving applications of the system such as the study of vari-
ous materials such as rocks, plastics, composite materials, phases and inclusions and defects 
in solids. They emphasized that this new technique could became a valuable tool for the study 
of chemical reactions in micro-samples and also extended to biological samples.
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In Raman imaging, thousands of linearly independent and spatially resolved spectra of the 
compounds existent in the specimen, are collected and analyzed. Among these spectra, the 
intensities of diagnosis bands for each species can be analyzed to generate images that are true 
maps for the spatial distribution of the compounds without the use of strains, dyes or contrast 
agents. This is a great advantage for materials characterization because little or no sample 
preparation is needed to characterize heterogeneous matrices [168–171, 173]. In fact, this tech-
nique is so versatile that has been applied in several fields, including pharmaceuticals’ analy-
sis [174–179], biology [180–182], biomedicine [183–186], label-free cell imaging [187–191], food 
industry [192–194], threat detection [195–197] and more fundamental research [198–202].

For pharmaceutical industry, the Raman imaging technique became an important analytical 
tool to trace the active pharmaceutical ingredient (API) heterogeneity in tablet or granulates, 
controlled release systems, and orally inhaled and nasal drug products [174–176]. Šašić has 
reported the use of Raman imaging for the spatial distribution of the API and major excipient 
(mannitol) on common pharmaceutical tablets and granulates [175, 176]. In the same year, 
Widjaja et al. have reported the combination of Raman imaging with advanced multivariate 
data analysis method, namely band-target entropy minimization (BTEM) for the identifica-
tion of minor components of pharmaceutical drug tablets [177]. They have detected, in model 
pharmaceutical tablets, minor components level as low as 0.2% by weight. In addition, the 
identification and quantification of polymorph forms, unique crystal packing lattice forms 
of molecules, of API is another important issue for pharmaceutical analysis and nowadays is 
routinely performed using Raman imaging. For example, Henson and Zhang have reported 
the detection and spatial distribution of a polymorphic impurity (0.05% w/w) of active phar-
maceutical ingredient in a tablet, using Raman imaging [178]. Lin et al. have demonstrated the 
use of Raman mapping for microscopic characterization of the surface of tablets containing 
chloramphenicol palmitate polymorphs [179]

Besides the chemical specificity, Raman spectroscopy coupled with microscopy maps may 
hold several other desirable properties for imaging applications, such as high spatial resolu-
tion, multiplexing capability, low background signal, and excellent photostability [170, 171]. 
Over the past years, Raman imaging techniques have been developed in step with the latest 
Raman fields, such as coherent anti-Stokes Raman spectroscopy (CARS) [203–207], surface 
enhanced Raman scattering (SERS) [67, 169, 173, 208–210] and tip-enhanced Raman scattering 
(TERS) [170, 211–215].

The current developments in Raman imaging have brought a new overview on SERS plat-
forms. There are few reports on the use of Raman imaging together with SERS methods, 
which makes SERS imaging an unexploited resource to answer unsolved questions about 
the materials functionalities and NPs synthesis, and complement substrates characteriza-
tion in SERS platforms [67, 169, 173, 208–210]. SERS imaging has been successfully applied 
in different areas such as cellular imaging [173, 208, 216, 217], in vivo biosensing [218–221], 
pharmaceutics and cosmetics [209, 210] and textile industries [67, 68]. Some examples can be 
cited, Chao et al. have reported the use of diamond nanoparticles with two different sizes 
(5 and 100 nm) as SERS probes to bio-label human lung epithelial cells [217]. The interac-
tion of the nanoparticles and the cells were probed by SERS imaging, demonstrating that 
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the nanoparticles are not toxic to the cells. Gambhir and co-workers have injected Au@SiO2 
nanoparticles into a live mouse and have studied the mouse’s liver through the skin using 
SERS mapped images [221]. In addition, Firkala el al. have reported, for the first time, the 
application of surface enhanced Raman imaging on pharmaceutical tablets containing an API 
in very low concentrations, using Ag colloids as SERS probes [209].

It is of special interest to mention in the context of this chapter that SERS imaging has been a 
useful technique to identify the SERS active sites in polymer based nanocomposite substrates 
[60, 63, 67, 68, 73, 93, 160]. SERS imaging has been applied to Ag/agarose beads films, giving an 
idea of the distribution of the hot spots in the polymer matrix [63]. Highly sensitive biological 
imaging of HEK293 cells expressing PLCγ1 cancer markers were obtained, using Au/Ag core-
shell NPs, conjugated with monoclonal antibodies [93]. A porphyrin−phospholipid conjugate 
with quenched fluorescence have been reported as a Raman reporter molecule for SERS based 

Figure 7. (1) AFM topography image of Ag/PtBA composites prepared by (mini)emulsion polymerization (A) before and 
(B) after the addition of 10 μL of an ethanolic solution of thiosalicylic acid 10−3 M; C) optical photograph of the sample 
with the scanned area marked in red; D) Raman images obtained using the integrated intensity of the Raman band at 
1035 cm−1 in the SERS spectra of thiosalicylic acid 10−3 M using the Ag/PtBA composite as substrates; E) SERS spectrum 
of thiosalicylic acid (10−3 M) using Ag/PtBA composites as substrate (laser source: 532 nm); (2) Optical photograph (left) 
and combined Raman image (right), using two different Raman spectra of methylene blue (100 μM) adsorbed on Ag/
linen composite Inset: Raman spectra of monomer form and a mixture of monomer and dimer of MB used to create the 
combined Raman image [68].
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imaging [160]. The spatial distribution of thiophenol and an organic dye were achieved by SERS 
mapping using smart films composed by natural rubber containing Au NPs [73]

We have been particularly interested in exploring Raman imaging in the characterization of 
SERS substrates. An illustrative example comprises the development of SERS substrates based 
on PtBA polymer beads coated with organically capped Ag NPs, accomplishing information 
at the level of both the substrate surface and the molecular adsorbate distribution (Figure 7-1) 
[114]. By coupling SERS images with AFM, we observed a rearrange of the polymeric chains 
of the PtBA after the addition of the analyte dispersed in ethanol, allowing a better diffusion 
of the molecular probe through the matrix and closer to the Ag NPs. This proximity enhanced 
the Raman signal of the thiosalicylic acid and their spacial distribution can be observed in the 
SERS images. In addition, linen fibers loaded with Ag NPs and then stained with methylene 
blue (MB) were investigated using SERS imaging. MB was selected as the molecular probe not 
only because it is a common organic dye but also due to the formation of dimer or monomer 
species, each one with characteristic visible absorption and Raman spectra. We have demon-
strated that the SERRS effect together with confocal Raman microscopy offer a new tool to 
map the local distribution of the MB dye in the fibers and consequently the distribution of 
Ag NPs over the fabrics, using Raman imaging [67]. In addition, it is also possible to assess 
the preferred adsorbate form of MB on distinct types of nanocomposite fibers and their local 
distribution (Figure 7-2) [68]. This investigation allows to foresee the use of this approach 
in terms of quality control of antimicrobial Ag containing fabrics, which is a market in great 
expansion.

6. Conclusions and outlook

The development of polymer based composites as active SERS substrates has contributed 
considerably to the rise of this methodology as an important and significantly tool in sev-
eral analytical contexts. This improvement could only be achieved due to the development 
of more versatile and powerful instruments, including portable Raman equipment, and a 
deeper knowledge about the underlying mechanisms in the Raman effect that occur in mol-
ecules adsorbed at metal surfaces. It should be also emphasized the unprecedented progress 
observed in the past decades on the synthesis of nanostructures having controlled morphol-
ogy. Interestingly, it has become clear that improvements in SERS have also impact on the 
knowledge that we have about the materials required as substrates for applying such spec-
troscopic technique. In this chapter, the most recent developments in metal loaded polymer 
nanocomposites for SERS studies were reviewed, showing their applicability into diverse 
areas due to their multifunctional properties. The vestigial SERS detection of specific mol-
ecules using Raman reporters, SERS tags and specific external stimuli are examples of further 
developments in SERS technologies dependent on materials development. This research has 
also shown that Raman imaging combined with other techniques such as SERS are valuable 
assets that complement or eventually provide unique characterization data, with particular 
relevance in the use of polymer based composites as SERS platforms.
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[41]	 Contreras-Cáceres R, Sierra-Martín B, Fernández-Barbero A. Surface-Enhanced Raman 
Scattering Sensors based on Hybrid Nanoparticles, Microsensors. In: Prof. Igor Minin 
editor. InTech, ch. 7, 2011. DOI: 10.5772/18735

[42]	 Wang Y, Asefa T. Poly(allylamine)-stabilized colloidal copper nanoparticles: Synthesis, 
morphology, and their surface-enhanced Raman scattering properties. Langmuir. 2010; 
26:7469-7474

[43]	 Xiong Y, McLellan JM, Chen J, Yin Y, Li Z-Y, Xia Y. Kinetically controlled synthesis of tri-
angular and hexagonal nanoplates of palladium and their SPR/SERS properties. Journal 
of the American Chemical Society. 2005;127:17118-17127

[44]	 Liu Y, Hu Y, Zhang J. Few-layer graphene-encapsulated metal nanoparticles for surface- 
enhanced Raman spectroscopy. Journal of Physical Chemistry C. 2014;118:8993-8998

[45]	 Wang X, Shi W, She G, Mu L.  Surface-enhanced Raman scattering (SERS) on transi-
tion metal and semiconductor nanostructures. Physical Chemistry Chemical Physics. 
2012;14:5891-5901

[46]	 Camargo PHC, Cobley CM, Rycenga M, Xia Y. Measuring the surface-enhanced Raman 
scattering enhancement factors of hot spots formed between an individual Ag nanowire 
and a single Ag nanocube. Nanotechnology. 2009;20:434020

[47]	 Rycenga M, Camargo PHC, Li W, Moran CH, Xia Y. Understanding the SERS effects of 
single silver nanoparticles and their dimers, one at a time. Journal of Physical Chemistry 
Letters. 2010;1:696-703

[48]	 Contreras-Cáceres R, Abalde-Cela S, Guardia-Girós P, Fernández-Barbero A, Pérez-
Juste J, Alvarez-Puebla RA, Liz-Marzán LM. Multifunctional microgel magnetic/optical 
traps for SERS ultradetection. Langmuir. 2011;27:4520-4525

[49]	 Camden JP, Dieringer JA, Wang Y, Masiello DJ, Marks LD, Schatz GC, Van Duyne RP.  
Probing the structure of single-molecule surface-enhanced Raman scattering hot spots. 
Journal of the American Chemical Society. 2008;130:12616-12617

[50]	 Zeng Z, Dan T, Liu L, Wang Y, Zhou Q, Su S, Hu D, Han B, Jin M, Ao X, Zhan R, Gao X, 
Lu X, Zhou G, Senz S, Zhang Z, Liu J. Highly reproducible surface-enhanced Raman scat-
tering substrate for detection of phenolic pollutants. Nanotechnology. 2016;27:455301

[51]	 Aiming Y, Yi H, Vinayak PD. Locally enhanced surface plasmons and modulated “hot-
spots” in nanoporous gold patterns on atomically thin MoS2 with a comparison to SiO2 
substrate. Applied Physics Letters. 2016;108:091901

[52]	 Ingram W, He Y, Stone K, Dennis WM, Ye D, Zhao Y. Tuning the plasmonic properties 
of silver nanopatterns fabricated by shadow nanosphere lithography. Nanotechnology. 
2016;27:385301

[53]	 Le Ru EC, Etchegoin PG.  Single-molecule surface-enhanced Raman spectroscopy. 
Annual Review of Physical Chemistry. 2012;63:65-87

SERS Research Applied to Polymer Based Nanocomposites
http://dx.doi.org/10.5772/intechopen.72680

113



[54]	 Kneipp K, Wang Y, Kneipp H, Perelman LT, Itzkan I, Dasari RR, Feld MS. Single mol-
ecule detection using surface-enhanced Raman scattering (SERS). Physical Review 
Letters. 1997;78:1667-1670

[55]	 Nie S, Emory SR. Probing single molecules and single nanoparticles by surface-enhanced 
Raman scattering. Science. 1997;275:1102-1106

[56]	 Ding SY, Yi J, Li JF, Ren B, Wu DY, Panneerselvam R, Tian Z-Q. Nanostructure-based 
plasmon-enhanced Raman spectroscopy for surface analysis of materials. Nature 
Reviews Materials. 2006;1:16021

[57]	 Creighton JA. Surface Raman electromagnetic enhancement factors for molecules at the 
surface of small isolated metal spheres: The determination of adsorbate orientation from 
sers relative intensities. Surface Science. 1983;124:209-219

[58]	 Merican Z, Schiller TL, Hawker CJ, Fredericks PM, Blakey I. Self-assembly and encoding 
of polymer-stabilized gold nanoparticles with surface-enhanced Raman reporter mol-
ecules. Langmuir. 2007;23:10539-10545

[59]	 Esteves ACC, Barros-Timmons A, Trindade T. Nanocompósitos de matriz polimérica: 
estratégias de síntese de materiais híbridos. Quimica Nova. 2004;27:798-806

[60]	 Aldeanueva-Potel, P Faoucher E, Alvarez-Puebla RNA, Liz-Marzán LM, Brust M. 
Recyclable molecular trapping and SERS detection in silver-loaded agarose gels with 
dynamic hot spots. Analytical Chemistry. 2009;81:9233-9238

[61]	 Lee C, Zhang P. Facile synthesis of gelatin-protected silver nanoparticles for SERS appli-
cations. Journal of Raman Specroscopy. 2013;44:823-826

[62]	 Fan J, Shi Z, Ge Y, Wang J, Wanga Y, Yin J. Gum arabic assisted exfoliation and fabrica-
tion of Ag-graphene-based hybrids. Journal of Materials Chemistry. 2012;22:13764-13772

[63]	 Abalde-Cela S, Auguié B, Fischlechner M, Huck WTS, Alvarez-Puebla RA, Liz-Marzán LM,  
Abell C. Microdroplet fabrication of silver-agarose nanocomposite beads for SERS opti-
cal accumulation. Soft Matter. 2011;7:1321-1325

[64]	 Jung G-B, Kim J-H, Burm JS, Park H-K. Fabrication of chitosan-silver nanoparticle hybrid 
3D porous structure as a SERS substrate for biomedical applications. Applied Surface 
Science. 2013;273:179-183

[65]	 Efeoglu E, Culha M. In situ monitoring of biofilm formation by using surface-enhanced 
Raman scattering. Appl. Spectrosc. 2013;67:498-505

[66]	 Pinto RJB, Marques PAAP, Neto CP, Trindade T, Daina S, Sadocco P.  Antibacterial 
activity of nanocomposites of silver and bacterial or vegetable cellulosic fibers. Acta 
Biomaterialia. 2009;5:2279-2289

[67]	 Fateixa S, Wilhelm M, Nogueira HIS, Trindade T. SERS and Raman imaging as a new tool 
to monitor dyeing on textile fibres. Journal of Raman Spectroscopy. 2016;47:1239-1246

Raman Spectroscopy114



[68]	 Fateixa S, Wilhelm M, Jorge AM, Nogueira HIS, Trindade T. Raman imaging studies on 
the adsorption of methylene blue species onto silver modified linen fibers. Journal of 
Raman Specroscopy. 2017;48:795-802

[69]	 Marques PAAP, Nogueira HIS, Pinto RJB, Neto CP, Trindade T. Silver-bacterial cellu-
losic sponges as active SERS substrates. Journal of Raman Specroscopy. 2008;39:439-443

[70]	 Keating M, Chen Y, Larmour IA, Faulds K, Graham D. Growth and surface-enhanced 
Raman scattering of Ag nanoparticle assembly in agarose gel. Measurement Science and 
Technology. 2012;23:084006

[71]	 Tiwari AD, Mishra AK, Mishra SB, Kuvarega AT, Mamba BB. Stabilisation of silver and 
copper nanoparticles in a chemically modified chitosan matrix. Carbohydrate Polymers. 
2013;92:1402-1407

[72]	 Huo D, He J, Yang S, Zhou Z, Hu Y, Epple M. Facile synthesis of polymer core@silver 
shell hybrid nanoparticles with super surface enhanced Raman scattering capability. 
Journal of Colloid and Interface Science. 2013;393:119-125

[73]	 Cabrera FC et al. Portable smart films for ultrasensitive detection and chemical analysis 
using SERS and SERRS. Journal of Raman Spectroscopy. 2012;43:474-477. DOI: 10.1002/
jrs.3074

[74]	 Nhung TT, Bu Y, Lee S-W.  Facile synthesis of chitosan-mediated gold nanoflowers 
as surface-enhanced Raman scattering (SERS) substrates. Journal of Crystal Growth. 
2013;373:132-137

[75]	 Gao S, Zhang H, Wang X, Yang J, Zhou L, Peng C, Sun D, Li M. Unique gold sponges: 
Biopolymer-assisted hydrothermal synthesis and potential application as surface-
enhanced Raman scattering substrates. Nanotechnology. 2005;16:2530

[76]	 Alsawafta M, Badilescu S, Truong V-V, Packirisamy M. The effect of hydrogen nano-
bubbles on the morphology of gold–gelatin bionanocomposite films and their optical 
properties. Nanotechnology. 2012;23:065305

[77]	 Zhang D, Yang H. Gelatin-stabilized copper nanoparticles: Synthesis, morphology, and 
their surface-enhanced Raman scattering properties. Physica B: Condensed Matter. 
2013;415:44-48

[78]	 Perrier S, Takolpuckdee P, Mars CA. Reversible Addition−Fragmentation Chain Transfer 
Polymerization: End Group Modification for Functionalized Polymers and Chain 
Transfer Agent Recovery. Macromolecules. 2005;38:2033-2036

[79]	 Pinto RJB, Neves MC, Neto CP, Trindade T.  Growth and chemical stability of cop-
per nanostructures on cellulosic fibers. European Journal of Inorganic Chemistry. 
2012;2012:5043-5049

[80]	 Pinto RJB, Daina S, Sadocco P, Neto CP, Trindade T. Antibacterial activity of nanocom-
posites of copper and cellulose. BioMed Research International. 2013;2013:6

SERS Research Applied to Polymer Based Nanocomposites
http://dx.doi.org/10.5772/intechopen.72680

115



[81]	 Pinto RJB, Fernandes SCM, Freire CSR, Sadocco P, Causio J, Neto CP, Trindade T. 
Antibacterial activity of optically transparent nanocomposite films based on chitosan or 
its derivatives and silver nanoparticles. Carbohydrate Research. 2012;348:77-83

[82]	 Martins NCT, Freire CSR, Pinto RJB, Fernandes SCM, Neto CP, Silvestre AJD, Causio J, 
Baldi G, Sadocco P, Trindade T. Electrostatic assembly of Ag nanoparticles onto nanofi-
brillated cellulose for antibacterial paper products. Cellulose. 2012;19:1425-1436

[83]	 Pinto RJB, Almeida A, Fernandes SC, Freire CS, Silvestre AJ, Neto CP, Trindade T.  
Antifungal activity of transparent nanocomposite thin films of pullulan and silver 
against Aspergillus niger. Colloids and Surfaces, B: Biointerfaces. 2013;103:143-148

[84]	 Fateixa S, Daniel-da-Silva AL, Nogueira HIS, Trindade T. Raman signal enhancement 
dependence on the gel strength of Ag/hydrogels used as SERS substrates. The Journal of 
Physical Chemistry C. 2014;118:10384-10392

[85]	 Fateixa S, Soares SF, Daniel-da-Silva AL, Nogueira HIS, Trindade T.  Silver-gelatine 
bionanocomposites for qualitative detection of a pesticide by SERS. Analyst. 2015;140: 
1693-1701

[86]	 Marsich L, Bonifacio A, Mandal S, Krol S, Beleites C, Sergo V. Poly-l-lysine-coated silver 
nanoparticles as positively charged substrates for surface-enhanced Raman scattering. 
Langmuir. 2012;28:13166-13171

[87]	 Yu WW, White IM. A simple filter-based approach to surface enhanced Raman spectros-
copy for trace chemical detection. Analyst. 2012;137:1168-1173

[88]	 Daniel-da-Silva AL, Salgueiro AM, Trindade T. 1. Effects of Au nanoparticles on thermo-
responsive genipin-crosslinked gelatin hydrogels. Gold Bulletin. 2013;46:25-33

[89]	 Salgueiro AM, Daniel-da-Silva AL, Fateixa S, Trindade T. κ-Carrageenan hydrogel nano-
composites with release behavior mediated by morphological distinct Au nanofillers. 
Carbohydrate Polymers. 2013;91:100-109

[90]	 Kim N-J, Lin M, Hu Z, Li H.  Evaporation-controlled chemical enhancement of SERS 
using a soft polymer substrate. Chemical Communications. 2009;6246-6248

[91]	 Abbas A, Brimer A, Slocik JM, Tian L, Naik RR, Singamaneni S. Multifunctional analyti-
cal platform on a paper strip: Separation, preconcentration, and subattomolar detection. 
Analytical Chemistry. 2013;85:3977-3983

[92]	 Lee CH, Tian L, Singamaneni S. Paper-Based SERS swab for rapid trace detection on 
real-world surfaces. ACS Applied Materials and Interfaces. 2010;2:3429-3435

[93]	 Lee S, Kim S, Choo J, Shin SY, Lee YH, Choi HY, Ha S, Kang K, Oh CH. Biological imag-
ing of HEK293 cells expressing PLCγ1 using surface-enhanced Raman microscopy. 
Analytical Chemistry. 2007;79:916-922

[94]	 Saha S, Pal A, Pande S, Sarkar S, Panigrahi S, Pal T. Alginate gel-mediated photochemi-
cal growth of mono- and bimetallic gold and silver nanoclusters and their application to 
surface-enhanced Raman scattering. Journal of Physical Chemistry C. 2009;113:7553-7560

Raman Spectroscopy116



[95]	 Homan KA, Chen J, Schiano A, Mohamed M, Willets K. A, Murugesan S, Stevenson KJ,  
Emelianov S. Silver–polymer composite stars: synthesis and applications. Advanced 
Functional Materials. 2011;21:1673-1680

[96]	 Ye S, Fang L, Qing X, Lu Y.  Surface-enhanced Raman scattering study of Ag@PPy 
nanoparticles. Journal of Raman Specroscopy. 2010;41:1119-1123

[97]	 Celebioglu A, Aytac Z, Umu OC, Dana A, Tekinay T, Uyar T. One-step synthesis of 
size-tunable Ag nanoparticles incorporated in electrospun PVA/cyclodextrin nanofi-
bers. Carbohydrate Polymers. 2014;99:808-816

[98]	 Zhu W, Wu Y, Yan C, Wang C, Zhang M, Wu Z. Facile synthesis of mono-dispersed 
polystyrene (PS)/Ag composite microspheres via modified chemical reduction. 
Materials. 2013;6:5625-5638

[99]	 Shen XS, Wang GZ, Hong X, Zhu W. Nanospheres of silver nanoparticles: Agglomeration, 
surface morphology control and application as SERS substrates. Physical Chemistry 
Chemical Physics. 2009;11:7450-7454

[100]	 Xu P, Jeon SH, Mack NH, Doorn SK, Williams DJ, Han X, Wang HL.  Field-assisted 
synthesis of SERS-active silver nanoparticles using conducting polymers. Nanoscale. 
2010;2:1436-1440

[101]	 Karabiçak S, Kaya M, Vo-Dinh T, Volkan M. Silver nanoparticle-doped polyvinyl alco-
hol coating as a mediumfor surface-enhanced Raman scattering analysis. Journal of 
Nanoscience and Nanotechnology. 2008;8:955-960

[102]	 Mao A, Jin X, Gu X, Wei X, Yang G. Rapid, green synthesis and surface-enhanced Raman 
scattering effect of single-crystal silver nanocubes. Journal of Molecular Structure. 
2012;1021:158-161

[103]	 Rao VK, Ghildiyal P, Radhakrishnan TP. In Situ fabricated cu–ag nanoparticle-embed-
ded polymer thin film as an efficient broad spectrum sers substrate. The Journal of 
Physical Chemistry C. 2017;121:1339-1348

[104]	 Lee J-H, Mahmoud MA, Sitterle VB, Sitterle JJ, Meredith J, Highly C. Scattering, surface-
enhanced Raman scattering-active, metal nanoparticle-coated polymers prepared via 
combined swelling−heteroaggregation. Chemistry of Materials. 2009;21:5654-5663

[105]	 Lin W. A durable plastic substrate for surface-enhanced Raman spectroscopy. Applied 
Physics A: Materials Science & Processing. 2011;102:121-125

[106]	 Bompart M, De Wilde Y, Haupt K. Chemical nanosensors based on composite molecu-
larly imprinted polymer particles and surface-enhanced Raman scattering. Advanced 
Materials. 2010;22:2343-2348

[107]	 Fateixa S, Pinheiro PC, Nogueira HIS, Trindade T. Composite blends of gold nanorods 
and poly(t-butylacrylate) beads as new substrates for SERS.  Spectrochimica Acta A. 
2013;113:100-106

SERS Research Applied to Polymer Based Nanocomposites
http://dx.doi.org/10.5772/intechopen.72680

117



[108]	 Li D, Cui Y, Wang K, He Q, Yan X, Li J. Thermosensitive nanostructures comprising 
gold nanoparticles grafted with block copolymers. Advanced Functional Materials. 
2007;17:3134-3140

[109]	 Barahona F, Bardliving CL, Phifer A, Bruno JG, Batt CA. An aptasensor based on poly-
mer-gold nanoparticle composite microspheres for the detection of malathion using 
surface-enhanced Raman spectroscopy. Industrial Biotechnology. 2013;9:42-50

[110]	 Chen T, Wang H, Chen G, Wang Y, Feng Y, Teo WS, Wu T, Chen H. Hotspot-induced 
transformation of surface-enhanced Raman scattering fingerprints. ACS Nano. 2010; 
4:3087-3094

[111]	 Qian X, Peng XH, Ansari DO, Yin-Goen Q, Chen GZ, Shin DM, Yang L, Young AN, 
Wang MD, Nie S.  In vivo tumor targeting and spectroscopic detection with surface-
enhanced Raman nanoparticle tags. Nature Biotechnology. 2008;26:83-90

[112]	 Fernández-López C, Polavarapu L, Solís DM, Taboada JM, Obelleiro F, Contreras-
Cáceres R, Pastoriza-Santos I, Pérez-Juste J.  Gold nanorod–pNIPAM Hybrids with 
reversible plasmon coupling: Synthesis, modeling, and SERS properties. ACS Applied 
Materials and Interfaces. 2015;7:12530-12538

[113]	 Pinheiro PC, Fateixa S, Nogueira HIS, Trindade T. SERS study on adenine using a Ag/
poly(t-butylacrylate) nanocomposite. Spectrochimica Acta A. 2013;101:36-39

[114]	 Fateixa S, Girao AV, Nogueira HIS, Trindade T.  Polymer based silver nanocompos-
ites as versatile solid film and aqueous emulsion SERS substrates. Journal of Materials 
Chemistry. 2011;21:15629-15636

[115]	 Pinheiro PC, Fateixa S, Nogueira HIS, Trindade T. SERS studies of DNA nucleobases 
using new silver poly(methyl methacrylate) nanocomposites as analytical platforms. 
Journal of Raman Specroscopy. 2014;46:47-53

[116]	 Liu J, Zhang L, Shi S, Chen S, Zhou N, Zhang Z, Cheng Z, Zhu X. A novel and universal 
route to SiO2-supported organic/inorganic hybrid noble metal nanomaterials via sur-
face RAFT polymerization. Langmuir. 2010;26:14806-14813

[117]	 Quaroni L, Chumanov G. Preparation of polymer-coated functionalized silver nanopar-
ticles. Journal of the American Chemical Society. 1999;121:10642-10643

[118]	 Guo Y, Kang L, Chen S, Li X. High performance surface-enhanced Raman scattering 
from molecular imprinting polymer capsulated silver spheres. Physical Chemistry 
Chemical Physics. 2015;17:21343-21347

[119]	 Martins MA, Fateixa S, Girão AV, Pereira SS, Trindade T. Shaping gold nanocomposites 
with tunable optical properties. Langmuir. 2010;26:11407-11412

[120]	 Li D, He Q, Cui Y, Wang K, Zhang X, Li J. Thermosensitive copolymer networks modify 
gold nanoparticles for nanocomposite entrapment. Chemistry--A European Journal. 
2007;13:2224-2229

Raman Spectroscopy118



[121]	 Gehan H, Fillaud L, Chehimi MM, Aubard J, Hohenau A, Felidj N, Mangeney C. 
Thermo-induced electromagnetic coupling in gold/polymer hybrid plasmonic struc-
tures probed by surface-enhanced Raman scattering. ACS Nano. 2010;4:6491-6500

[122]	 Yin J, Wu T, Song J, Zhang Q, Liu S, Rong Xu R, Duan H. SERS-active nanoparticles 
for sensitive and selective detection of cadmium ion (Cd2+). Chemistry of Materials. 
2011;23:4756-4764

[123]	 Álvarez-Puebla RA, Contreras-Cáceres R, Pastoriza-Santos I, Pérez-Juste J, Liz-Marzán LM.  
Au@pNIPAM colloids as molecular traps for surface-enhanced, spectroscopic, ultra-
sensitive analysis. Angewandte Chemie, International Edition. 2009;48:138-143

[124]	 Lee A, Dubinsky S, Tumarkin E, Moulin M, Beharry AA, Kumacheva E. Multifunctional 
hybrid polymer-based porous materials. Advanced Functional Materials. 2011;21: 
1959-1969

[125]	 Contreras-Cáceres R, Pastoriza-Santos I, Alvarez-Puebla RA, Pérez-Juste J, Fernández-
Barbero A, Liz-Marzán LM.  Growing Au/Ag nanoparticles within microgel colloids 
for improved surface-enhanced Raman scattering detection. Chemistry—A European 
Journal. 2010;16:9462-9467

[126]	 Gao W, Chen G, Xu W, Yang C, Xu S. Surface-enhanced Raman scattering (SERS) chips 
made from metal nanoparticle-doped polymer fibers. RSC Advances. 2014;4:23838-23845

[127]	 Cruz SMA, Nogueira HIS, Marques PAAP.  Potentialities of polymeric electrospun 
membranes decorated with silver nanoparticles and graphene oxide for biodetection 
by SERS. Ciência & Tecnologia dos Materiais. 2014;26:102-107

[128]	 Zhang C-L, Lv K-P, Huang H-T, Cong H-P, Yu S-H. Co-assembly of Au nanorods with 
Ag nanowires within polymer nanofiber matrix for enhanced SERS property by electro-
spinning. Nanoscale. 2012;4:5348-5355

[129]	 Ferhan AR, Kim D-H. Nanoparticle polymer composites on solid substrates for plas-
monic sensing applications. Nano Today. 2016;11:415-434

[130]	 Balazs AC, Emrick T, Russell TP. Nanoparticle Polymer Composites: Where Two Small 
Worlds Meet. Science. 2006;314:1107-1110

[131]	 Gupta S, Agrawal M, Conrad M, Hutter NA, Olk P, Simon F, Eng LM, Stamm M, Jordan R.  
Poly(2-(dimethylamino)ethyl methacrylate) brushes with incorporated nanoparticles 
as a SERS active sensing layer. Advanced Functional Materials. 2010;20:1756-1761

[132]	 Chern CS.  Emulsion polymerization mechanisms and kinetics. Progress in Polymer 
Science. 2006;31:443-486

[133]	 Chiefari J, Chong YK (Bill), Ercole F, Krstina J, Jeffery J, Le TPT, Mayadunne RTA, Meijs 
GF, Moad CL, Moad G, Rizzardo E, Thang SH.  Living free-radical polymerization 
by reversible addition−fragmentation chain transfer: The RAFT Process. Macromol. 
1998;31:5559-5562

SERS Research Applied to Polymer Based Nanocomposites
http://dx.doi.org/10.5772/intechopen.72680

119



[134]	 Zengin A, Tamer U, Caykara T. A SERS-based sandwich assay for ultrasensitive and 
selective detection of Alzheimer’s Tau protein. Biomacromolecules. 2013;14:3001-3009

[135]	 Kato M, Kamigaito M, Sawamoto M, Higashimura T. Polymerization of methyl methac-
rylate with the carbon tetrachloride/dichlorotris- (triphenylphosphine)ruthenium(II)/
methylaluminum Bis(2,6-di-tert-butylphenoxide) initiating system: Possibility of living 
radical polymerization. Macromolecules. 1995;28:1721-1723

[136]	 Wang J-S, Matyjaszewski K. Controlled/“living” radical polymerization. atom transfer 
radical polymerization in the presence of transition-metal complexes. Journal of the 
American Chemical Society. 1995;117:5614-5615

[137]	 Esteves AC, Neves MC, Barros-Timmons A, Bourgeat-Lami E, Liz-Marzán LM, 
Trindade T.  Synthesis of SiO2-coated Bi2S3/Poly(styrene) nanocomposites by in-situ 
polymerization. Journal of Nanoscience and Nanotechnology. 2006;6:414-420

[138]	 Esteves A. C. C. Barros-Timmons A. M. Martins J. A, Zhang W, Cruz-Pinto J, Trindade T.  
Crystallization behaviour of new poly(tetramethyleneterephthalamide) nanocompos-
ites containing SiO2 fillers with distinct morphologies. Composites Part B: Engineering. 
2005;36:51-59

[139]	 Segala K, Dutra R. L, Franco C. V, Pereira A. S, Trindadeb T. In situ and ex situ prep-
arations of ZnO/poly-{trans-[RuCl2(vpy)4]/styrene} nanocomposites. Journal of the 
Brazilian Chemical Society. 2010;21:1986-1991

[140]	 Landfester K. The generation of nanoparticles in miniemulsions. Advanced Materials. 
2001;13:765-768

[141]	 Esteves ACC, Barros-Timmons A, Monteiro T, Trindade T. Polymer encapsulation of 
CdE (E = S, Se) quantum dot ensembles via radical polymerization in miniemulsion. 
Journal of Nanoscience and Nanotechnology. 2005;5:766-771

[142]	 Crespy D, Landfester K.  Miniemulsion polymerization as a versatile tool for the 
synthesis of functionalized polymers. Beilstein. The Journal of Organic Chemistry. 
2010;6:1132-1148

[143]	 Landfester K. Miniemulsion polymerization and the structure of polymer and hybrid 
nanoparticles. Angewandte Chemie, International Edition. 2009;48:4488-4507

[144]	 Esteves ACC, Bombalski L, Trindade T, Matyjaszewski K, Barros-Timmons A. Poly
mer grafting from CdS quantum dots via AGET ATRP in miniemulsion. Small. 2007; 
3:1230-1236

[145]	 Esteves ACC, Hodge P, Trindade T, Barros-Timmons AMMV. Preparation of nanocom-
posites by reversible addition-fragmentation chain transfer polymerization from the 
surface of quantum dots in miniemulsion. Journal of Polymer Science Part A: Polymer 
Chemistry. 2009;47:5367-5377

[146]	 Peres M, Costa LC, Neves A, Soares MJ, Monteiro T, Esteves ACC, Barros-Timmons AM,  
Trindade T, Kholkin A, Alves E. A green-emitting CdSe/poly(butyl acrylate) nanocom-
posite. Nanotechnology. 2005, 1969;16

Raman Spectroscopy120



[147]	 Martins MA, Neves MC, Esteves ACC, Girginova PI, Guiomar AJ, Amaral VS, Trindade T.  
Biofunctionalized ferromagnetic CoPt 3/polymer nanocomposites. Nanotechnology. 
2007;18:215609

[148]	 Pereira AS, Rauwel P, Reis MS, Silva NJO, Barros-Timmons AM, Trindade T. Polymer 
encapsulation effects on the magnetism of EuS nanocrystals. Journal of Materials 
Chemistry. 2008;18:4572-4578

[149]	 Macedo AG, Martins MA, Fernandes SEM, Barros-Timmons AM, Trindade T, Carlos LD,  
Rocha J. Luminescent SiO2-coated Gd2O3:Eu3+ nanorods/poly(styrene) nanocomposites 
by in situ polymerization. Optical Materials. 2010;32:1622-1628

[150]	 Daniel-da-Silva AL, Fateixa S, Guiomar AJ, Costa BFO, Silva NJO, Trindade T, 
Goodfellow BJ, Gil AM. Biofunctionalized magnetic hydrogel nanospheres of magne-
tite and κ -carrageenan. Nanotechnology. 2009;20:355602

[151]	 Sun L, Sung K-B, Dentinger C, Lutz B, Nguyen L, Zhang J, Qin H, Yamakawa M, Cao M, 
Lu Y, Chmura AJ, Zhu J, Su X, Berlin AA, Chan S, Knudsen B. Composite organic−inor-
ganic nanoparticles as Raman labels for tissue analysis. Nano Letters. 2007;7:351-356

[152]	 Braun GB, Lee SJ, Laurence T, Fera N, Fabris L, Bazan GC, Moskovits M, Reich NO. 
Generalized approach to SERS-active nanomaterials via controlled nanoparticle linking, 
polymer encapsulation, and small-molecule infusion. Journal of Physical Chemistry C. 
2009;113:13622-13629

[153]	 Folarin OM, Sadiku RE, Maity A.  Polymer-noble metal nanocomposites: Review. 
International Journal of Physical Sciences. 2011;6:4869-4882

[154]	 He D, Hu B, Yao QF, Wang K, Yu SH. Large-scale synthesis of flexible free-standing 
SERS substrates with high sensitivity: Electrospun PVA nanofibers embedded with 
controlled alignment of silver nanoparticles. ACS Nano . 2009;3:3993-4002

[155]	 Oh JH, Shin H, Choi JY, Jung HW, Choi Y, Lee JS. Plate and on-plate structural con-
trol of ultra-stable gold/silver bimetallic nanoplates as redox catalysts, nanobuild-
ing blocks, and single-nanoparticle surface-enhanced raman scattering probes. ACS 
Applied Materials & Interfaces. 2016;8:27140-27150

[156]	 Qu L-L, Li DW, Xue JQ, Zhai WL, Fossey JS, Long YT. Batch fabrication of disposable 
screen printed SERS arrays. Lab on a Chip. 2012;12:876-881

[157]	 Lee WWY, McCoy CP, Donnelly RF, Bell SEJ. Swellable polymer films containing Au 
nanoparticles for point-of-care therapeutic drug monitoring using surface-enhanced 
Raman spectroscopy. Analytica Chimica Acta. 2016;912:111-116

[158]	 Chen J, Huang Y, Kannan P, Zhang L, Lin Z, Zhang J, Chen T, Guo L. Flexible and 
adhesive surface enhance raman scattering active tape for rapid detection of pesticide 
residues in fruits and vegetables. Analytical Chemistry. 2016;88:2149-2155

[159]	 Kantarovich K, Tsarfati-BarAd I, Gheber LA, Haupt K, Bar I.  Reading biochips by 
raman and surface-enhanced Raman spectroscopies. Plasmonics. 2013;8:3-12

SERS Research Applied to Polymer Based Nanocomposites
http://dx.doi.org/10.5772/intechopen.72680

121



[160]	 Tam NCM, McVeigh PZ, MacDonald TD, Farhadi A, Wilson BC, Zheng G. Porphyrin–
lipid stabilized gold nanoparticles for surface enhanced Raman scattering based imag-
ing. Bioconjugate Chemistry. 2012;23:1726-1730

[161]	 Chen L, Yan H, Xue X, Jiang D, Cai Y, Liang D, Jung YM, Han XX, Zhao B. Surface-
enhanced Raman scattering (SERS) active gold nanoparticles decorated on a porous 
polymer filter. Applied Spectroscopy. 2017;71:1543-1550

[162]	 Yuan S, Ge F, Zhou M, Cai Z, Guang S. A new smart surface-enhanced Raman scatter-
ing sensor based on pH-responsive polyacryloyl hydrazine capped Ag nanoparticles. 
Nanoscale Research Letters. 2017;12:490

[163]	 Qian X, Li J, Nie S. stimuli-responsive sers nanoparticles: conformational control of plas-
monic coupling and surface Raman enhancement. Journal of the American Chemical 
Society. 2009;131:7540-7541

[164]	 Kim DJ, Jeon TY, Park S-G, Han HJ, Im SH, Kim D-H, Kim S-H. Uniform microgels con-
taining agglomerates of silver nanocubes for molecular size-selectivity and high SERS 
activity. Small. 2017;13:1604048

[165]	 Kim J-H, Twaddle KM, Cermak LM, Jang W, Yun J, Byun H.  Photothermal heating 
property of gold nanoparticle loaded substrates and their SERS response. Colloids and 
Surfaces, A: Physicochemical and Engineering Aspects. 2016;498:20-29

[166]	 Anema JR, Li J-F, Yang Z-L, Ren B, Tian Z-Q.  Shell-isolated nanoparticle-enhanced 
Raman spectroscopy: Expanding the versatility of surface-enhanced Raman scattering. 
Annual Review of Analytical Chemistry. 2011;4:129-150

[167]	 Chen HY, Abraham S, Mendenhall J, Delamarre SC, Smith K, Kim I, Batt CA. 
Encapsulation of single small gold nanoparticles by diblock copolymers. Chemical 
Physical Chemistry. 2008;9:388-392

[168]	 Treado PJ, Nelson MP. In Handbook of Raman spectroscopy: From the research labora-
tory to the process line (ed Marcel Dekker. Inc) Ch. 5, 2001;191-250

[169]	 Palonpon AF, Ando J, Yamakoshi H, Dodo K, Sodeoka M, Kawata S, Fujita K. Raman and 
SERS microscopy for molecular imaging of live cells. Nature Protocols. 2013;8:677-692

[170]	 Opilik L, Schmid T, Zenobi R.  Modern Raman imaging: Vibrational spectroscopy 
on the micrometer and nanometer scales. Annual Review of Analytical Chemistry. 
2013;6:379-398

[171]	 Stewart S, Priore RJ, Nelson MP, Treado PJ.  Raman Imaging. Annual Review of 
Analytical Chemistry. 2012;5:337-360

[172]	 Delhaye M, Dhamelincourt P. Raman microprobe and microscope with laser excitation. 
Journal of Raman Specroscopy. 1975;3:33-43

[173]	 Zheng X, Zong C, Xu M, Wang X, Ren B. Raman imaging from microscopy to nanos-
copy, and to macroscopy. Small. 2015;11:3395-3406

Raman Spectroscopy122



[174]	 Gendrin C, Roggo Y, Collet C.  Pharmaceutical applications of vibrational chemi-
cal imaging and chemometrics: A review. Journal of Pharmaceutical and Biomedical 
Analysis. 2008;48:533-553

[175]	 Šašić S. An in-depth analysis of raman and near-infrared chemical images of common 
pharmaceutical tablets. Applied Spectroscopy. 2007;61:239-250

[176]	 Šašić S. Chemical imaging of pharmaceutical granules by Raman global illumination 
and near-infrared mapping platforms. Analytica Chimica Acta. 2008;611:73-79

[177]	 Widjaja E, Seah RKH. Application of Raman microscopy and band-target entropy mini-
mization to identify minor components in model pharmaceutical tablets. Journal of 
Pharmaceutical and Biomedical Analysis. 2008;46:274-281

[178]	 Henson MJ, Zhang L. Drug characterization in low dosage pharmaceutical tablets using 
raman microscopic mapping. Applied Spectroscopy. 2006;60:1247-1255

[179]	 Lin W-Q, Jiang JH, Yang HF, Ozaki Y, Shen GL, Yu RQ.  Characterization of chlor-
amphenicol palmitate drug polymorphs by raman mapping with multivariate image 
segmentation using a spatial directed agglomeration clustering method. Analytical 
Chemistry. 2006;78:6003-6011

[180]	 Gantzsch SP, Kann B, Ofer-Glaessgen M, Loos P, Berchtold H, Balbach S, Eichinger T, 
Lehr CM, Schaefer UF, Windbergs M. Characterization and evaluation of a modified 
PVPA barrier in comparison to CaCO-2 cell monolayers for combined dissolution and 
permeation testing. Journal of Controlled Release. 2014;175:79-86

[181]	 Bennet M, Akiva A, Faivre D, Malkinson G, Yaniv K, Abdelilah-Seyfried S, Fratzl P, 
Masic A. Simultaneous Raman microspectroscopy and fluorescence imaging of bone 
mineralization in living Zebrafish Larvae. Biophysical Journal. 2014;106:L17-L19

[182]	 Noothalapati H, Sasaki T, Kaino T, Kawamukai M, Ando M, Hamaguchi HO, Yamamoto T.  
Label-free chemical imaging of fungal spore walls by Raman microscopy and multi-
variate curve resolution analysis. 2016;6:27789

[183]	 Otto C, de Grauw CJ, Duindam JJ, Sijtsema NM, Greve J. Applications of micro-Raman 
imaging in biomedical research. Journal of Raman Specroscopy 1997;28:143-150

[184]	 Timlin JA, Carden A, Morris MD, Bonadio JF, Hoffler CE, Kozloff K, Goldstein SA. In 
Spatial distribution of phosphate species in mature and newly generated mammalian 
bone by hyperspectral Raman imaging. Journal of Biomedical Optics—SPIE Digital 
Library. 1999;4:28-34

[185]	 Timlin JA, Carden A, Morris MD, Rajachar RM, Kohn DH. Raman spectroscopic imag-
ing markers for fatigue-related microdamage in bovine bone. Analytical Chemistry. 
2000;72:2229-2236

[186]	 Graef F, Vukosavljevic B, Michel JP, Wirth M, Ries O, De Rossi C, Windbergs M, Rosilio V,  
Ducho C, Gordon S, Lehr CM. The bacterial cell envelope as delimiter of anti-infective 
bioavailability—An in  vitro permeation model of the Gram-negative bacterial inner 
membrane. Journal of Controlled Release. 2016;243:214-224

SERS Research Applied to Polymer Based Nanocomposites
http://dx.doi.org/10.5772/intechopen.72680

123



[187]	 El-Mashtoly SF, Petersen D, Yosef HK, Mosig A, Reinacher-Schick A, Kötting C, Gerwert K.  
Label-free imaging of drug distribution and metabolism in colon cancer cells by Raman 
microscopy. Analyst. 2014;139:1155-1161

[188]	 Klein K, Gigler AM, Aschenbrenner T, Monetti R, Bunk W, Jamitzky F, Morfill G, 
Stark RW, Schlegel J.  Label-free live-cell imaging with confocal Raman microscopy. 
Biophysical Journal. 2012;102:360-368

[189]	 Mavarani L, Petersen D, El-Mashtoly SF, Mosig A, Tannapfel A, Kötting C, Gerwert K. 
Spectral histopathology of colon cancer tissue sections by Raman imaging with 532 nm 
excitation provides label free annotation of lymphocytes, erythrocytes and proliferat-
ing nuclei of cancer cells. Analyst. 2013;138:4035-4039

[190]	 Chan JW, Taylor DS, Zwerdling T, Lane SM, Ihara K, Huser T. Micro-Raman spectros-
copy detects individual neoplastic and normal hematopoietic cells. Biophysical Journal. 
2006;90:648-656

[191]	 Matthäus C, Chernenko T, Newmark JA, Warner CM, Diem M. Label-free detection 
of mitochondrial distribution in cells by nonresonant Raman microspectroscopy. 
Biophysical Journal. 2007;93:668-673

[192]	 Baranska M, Schulz H, Baranski R, Nothnagel T, Christensen LP. In Situ simultaneous 
analysis of polyacetylenes, carotenoids and polysaccharides in carrot roots. Journal of 
Agricultural and Food Chemistry. 2005;53:6565-6571

[193]	 Larmour IA, Faulds K, Graham D.  Rapid Raman mapping for chocolate analysis. 
Analytical Methods. 2010;2:1230-1232

[194]	 Roeffaers MB, Zhang X, Freudiger CW, Saar BG, van Ruijven M, van Dalen G, Xiao C,  
Xie XS. Label-free imaging of biomolecules in food products using stimulated Raman 
microscopy. Journal of Biomedical Optics 2010;15:066016

[195]	 Nordberg M, Åkeson M, Östmark H, Carlsson TE. In development of particle standards 
for testing detection systems: Mass of RDX and particle size distribution of composition 
4 residues, Proc. SPIE. 1994;8017:i80171B

[196]	 Priore RJ, Olkhovyk O, Drauch A, Treado P, Kim M, Chao K. Recent advances in chemi-
cal imaging technology for the detection of contaminants for food safety and security. 
Proceedings of SPIE. 1994;7315:731507

[197]	 Gresham GL, Davies JP, Goodrich LD, Blackwood LG, Liu BYH, Thimsen D, Yoo SH, 
Hallowell SF. Development of particle standards for testing detection systems: Mass 
of RDX and particle size distribution of composition 4 residues. Proceedings of SPIE. 
1994;2276

[198]	 Stampfer C, Wirtz L, Jungen A, Graf D, Molitor F, Hierold C, Ensslin K. Raman imaging 
of doping domains in graphene on SiO2. Applied Physics Letters. 2007;91:241907

[199]	 Sharma DKE, Ramana V, Fateixa S, Hortigüela MJ, Otero-Irurueta G, Nogueira HIS, 
Kholkin A. Pressure-dependent large area synthesis and electronic structure of MoS2. 
Materials Research Bulletin. 2018;97:265-271

Raman Spectroscopy124



[200]	 Lopes J, Estrada A, Fateixa S, Ferro M, Trindade T. A general route for growing metal 
sulfides onto graphene oxide and exfoliated graphite oxide. Nanomaterials. 2017;7:245

[201]	 Sharma DK, Fateixa S, Hortigüela MJ, Vidyasagar R, Otero-Irurueta G, Nogueira HIS, 
KumarSingh M, Kholkin A. Defect concentration in nitrogen-doped graphene grown 
on Cu substrate: A thickness effect. Physica B: Condensed Matter. 2017;513:62-68

[202]	 Graf D, Molitor F, Ensslin K, Stampfer C, Jungen A, Hierold C, Wirtz L. Spatially resolved 
Raman spectroscopy of single- and few-layer graphene. Nano Letters. 2007;7:238-242

[203]	 El-Mashtoly SF, Niedieker D, Petersen D, Krauss SD, Freier E, Maghnouj A, Mosig A, 
Hahn S, Kötting C, Gerwert K. Automated identification of subcellular organelles by 
coherent anti-stokes Raman scattering. Biophysical Journal. 2014;106:1910-1920

[204]	 Zumbusch A, Holtom GR, Xie XS. Three-dimensional vibrational imaging by coherent 
anti-Stokes Raman scattering. Physical Review Letters. 1999;82:4142-4145

[205]	 Conor LE, Xie XS. Coherent anti-Stokes Raman scattering microscopy: Chemical imag-
ing for biology and medicine. Annual Review of Analytical Chemistry. 1999;1:883-909

[206]	 Nan X, Cheng J-X, Xie XS. Vibrational imaging of lipid droplets in live fibroblast cells 
with coherent anti-Stokes Raman scattering microscopy. Journal of Lipid Research. 
2003;44:2202-2208

[207]	 Evans CL, Xu X, Kesari S, Xie XS, Wong ST, Young GS. Chemically-selective imaging of 
brain structures with CARS microscopy. Optics Express. 2007;15:12076-12087

[208]	 Lahr RH, Vikesland PJ. Surface-enhanced Raman spectroscopy (SERS) cellular imag-
ing of intracellulary biosynthesized gold nanoparticles. ACS Sustainable Chemical 
Engineer. 2014;2:1599-1608

[209]	 Firkala T, Farkas A, Vajna B, Farkas I, Marosi G. Investigation of drug distribution in 
tablets using surface enhanced Raman chemical imaging. Journal of Pharmaceutical 
and Biomedical Analysis. 2013;76:145-151

[210]	 De Bleye C, Sacré PY, Dumont E, Netchacovitch L, Chavez PF, Piel G, Lebrun P, Hubert P,  
Ziemons E. Development of a quantitative approach using surface-enhanced Raman 
chemical imaging: First step for the determination of an impurity in a pharmaceutical 
model. Journal of Pharmaceutical and Biomedical Analysis. 2014;90:111-118

[211]	 Kumar N, Mignuzzi S, Su W, Roy D. Tip-enhanced Raman spectroscopy: principles and 
applications. EPJ Techniques and Instrumentation. 2015;2:9

[212]	 Saito Y, Verma P, Masui K, Inouye Y, Kawata S. Nano-scale analysis of graphene lay-
ers by tip-enhanced near-field Raman spectroscopy. Journal of Raman Specroscopy. 
2009;40:1434-1440

[213]	 Snitka V, Rodrigues RD, Lendraitis V. Novel gold cantilever for nano-Raman spectros-
copy of graphene. Microelectronic Engineering. 2011;88:2759-2762

SERS Research Applied to Polymer Based Nanocomposites
http://dx.doi.org/10.5772/intechopen.72680

125



[214]	 Blum C, Schmid T, Opilik L, Weidmann S, Fagerer SR, Zenobi R. Understanding tip-
enhanced Raman spectra of biological molecules: A combined Raman SERS and TERS 
study. Journal of Raman Specroscopy. 2012;43:1895-1904

[215]	 Opilik L, Bauer T, Schmid T, Stadler J, Zenobi R. Nanoscale chemical imaging of seg-
regated lipid domains using tip-enhanced Raman spectroscopy. Physical Chemistry 
Chemical Physics. 2011;13:9978-9981

[216]	 Kneipp J, Kneipp H, Rajadurai A, Redmond RW, Kneipp K. Optical probing and imag-
ing of live cells using SERS labels. Journal of Raman Specroscopy. 2009;40:1-5

[217]	 Chao J-I, Perevedentseva E, Chung PH, Liu KK, Cheng CY, Chang CC, Cheng CL. 
Nanometer-sized diamond particle as a probe for biolabeling. Biophysical Journal. 
2007;93:2199-2208

[218]	 Henry A-I, Sharma B, Cardinal MF, Kurouski D, Van Duyne RP.  Surface-enhanced 
raman spectroscopy biosensing: In vivo diagnostics and multimodal imaging. Ana
lytical Chemistry. 2016;88:6638-6647

[219]	 Bodelón G, Montes-García V, Fernández-López C, Pastoriza-Santos I, Pérez-Juste J, Liz-
Marzán LM. Bioimaging: Au@pNIPAM SERRS ags for multiplex immunophenotyping 
cellular receptors and imaging tumor cells. Small. 2015;11:4220-4220

[220]	 Mallia R, Veilleux I, Wilson BC, McVeigh P.  Filter-based method for background 
removal in high-sensitivity wide-field-surface-enhanced Raman scattering imaging 
in vivo. Journal of Biomedical Optics. 2012;17:076017

[221]	 Keren S, Zavaleta C, Cheng Z, de la Zerda A, Gheysens O, Gambhir SS. Noninvasive 
molecular imaging of small living subjects using Raman spectroscopy. Proceedings of 
the National Academy of Sciences. 2008;105:5844-5849

Raman Spectroscopy126


	Chapter 6
SERS Research Applied to Polymer Based Nanocomposites

