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Abbreviations

ATR Attenuated total reflectance
DRIFT Diffuse reflectance infrared fourier transform
FGNP Functionalised gold nanoparticles
FTIR Fourier transform infrared
GlcNAc N-acetyl-D-glucosamine
(GlcNAc)3 N0, N00, N000-triacetylchitotriose
GOX Glucose oxidase
hIgG Human immunoglobulin
IR Infrared
SEIRA Surface-enhanced infrared absorption
TEM Transmission electron microscopy
WGA Wheat germ agglutinin

3.1 Introduction

Over the last decade, nano-sized particles of noble metals with surface plasmon-
resonance properties have found numerous applications in nanotechnology and sci-
entific research, including diverse biological and biomedical fields (for recent reviews
see, e.g. [1–9]. This also refers to (bio) functionalised metal nanoparticles, where the
term ‘‘functionalisation’’ (or ‘‘biofunctionalisation’’) means conjugation of metal
nanoparticles via either covalent bonds (e.g. involving thiol groups easily forming
–S–metal bonds) or non-covalent binding forces (adsorption via charge attraction
and/or hydrophobic interactions) with specific types of molecules [5, 10–12].
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The latter include, in particular, recognising bio(macro)molecules, such as antibod-
ies, lectins, enzymes, peptide aptamers or nucleic acid aptamers, etc. [3], which are
capable of participating in various biospecific interactions of the type ‘‘recognising
molecule—target molecule’’. These types of biofunctionalised noble-metal nano-
particles can be useful in revealing such biospecific interactions with the relevant
target molecules with a high sensitivity. In such cases either the noble-metal nano-
particles per se play the role of a direct ‘‘visualising agent’’ (in microscopic methods)
or their surface plasmon-resonance properties are made use of (in optical and spec-
troscopic techniques).

To understand in detail the properties, stability and behaviour of these
sophisticated metal nanoparticle–biomacromolecule conjugate systems [5, 13–15]
and, also very importantly, to control their synthesis as well as to explore and
develop proper useful applications [3, 16–18], various experimental methods and
modern instrumental techniques are absolutely necessary [6, 19]. Among the latter,
a range of molecular spectroscopy techniques has been successfully used [20],
including UV–Vis spectrophotometry and vibrational [mainly Raman scattering
and Fourier transform infrared (FTIR)] spectroscopy.

Spectrophotometry, largely in the visible region and, occasionally, in the near-
IR, is useful for controlling the shape, size and aggregation of metal nanoparticles
[21–25]. This is due to their typical extinction bands in the characteristic regions of
plasmon resonance, both the position (wavelength in the maximum) and intensity
of which are sensitive to the aforementioned characteristics of metal nanostruc-
tures. Thus, UV–Vis spectrophotometry is often used as a supplementary tech-
nique for the characterisation and/or monitoring of nanoparticle-based systems in
suspensions and some of the processes occurring therein.

Vibrational spectroscopic techniques are of great importance both in the
characterisation of functionalised metal nanoparticles (this refers primarily to their
‘outer functional shells’ of biomolecules which give specific vibrational patterns,
depending on the state of their functional groups as well as on selective ‘surface
enhancement’ effects) and in their diverse bioanalytical applications (for general
reviews see, e.g. [26–28]). In particular, for functionalised metal nanoparticles the
‘surface enhancement’ effects and surface selection rules play a significant role in
increasing the spectral sensitivity.

It is well known that in surface-enhanced Raman scattering (SERS) spectros-
copy (for reviews on SERS see, e.g. [27, 29–31]), the enhancement factors
reaching 1010–1012 (up to 1015 for a combination of electromagnetic, resonance
and chemical enhancements at ‘hot spots’) are much greater than those in surface-
enhanced IR absorption (SEIRA) spectroscopy (for reviews on SEIRA see, e.g.
[27, 32–34]). In SEIRA, the enhancement factors can reach values of the orders of
102–103 at best, while more usually they are of the order of units or tens [28, 35].
Owing to that, SEIRA spectroscopy is far less developed, studied and, conse-
quently, less frequently used, being virtually ‘‘the neglected child of surface
enhanced spectroscopies’’ [28]. Nevertheless, the cross-section values in infrared
absorption are significantly higher than those in Raman scattering, so that the
overall average sensitivities in SEIRA and SERS may be well comparable [33].
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In addition, as a ‘useful’ supplement (partly compensating for the drawback of the
strong water absorption in the infrared), FTIR/SEIRA spectra may give a wealth of
complementary information as compared with Raman/SERS spectra.

In this chapter, some representative examples are reviewed and discussed in
which Fourier transform infrared (FTIR) spectroscopy in various modes (trans-
mission, diffuse reflectance (DRIFT), attenuated total reflectance (ATR) [36]) was
applied for studying biofunctionalised gold nanoparticles, as well as for the
detection and analysis of relevant biospecific interactions of the type ‘‘recognising
molecule—target molecule’’ (e.g., using antigen–antibody or lectin–carbohydrate
biospecifically interacting pairs) at the molecular level, where one type of the
molecules from a pair was conjugated with gold nanoparticles (Fig. 3.1). The
experimental results considered herein illustrate some possibilities of FTIR/SEIRA
spectroscopy complementary to those discussed in previous reviews on its appli-
cations in biological or biomedical fields [28, 33–35, 37].

3.2 FTIR Spectroscopy in Studying Gold Nanoparticles
Functionalised by Biomacromolecules

Virtually, the only significant intrinsic drawback of IR spectroscopy, as compared
with Raman scattering, consists in a very strong IR absorption of water in several
regions related to its O–H stretching and different bending vibrations. This fact is

Fig. 3.1 Schematic presentation of the processes of biospecific interactions between pure
biomolecules in solution (upper left-hand panel), functionalisation of gold nanoparticles by
biomacromolecules (middle left-hand panel) and biospecific interactions on functionalised gold
nanoparticles (FGNP; lower left-hand panel), as well as of the corresponding samples for FTIR
spectroscopic measurements in the transmission or ATR modes on ZnSe supports (right-hand
panels 1–3, respectively)
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of utmost importance, especially in biological and biomedical studies. Thus, if a
biological sample contains a substantial amount of water (or is studied wet, which
is sometimes practised for tissues and cells or even for biomacromolecules), in
order to obtain reliable spectroscopic data, the spectral contribution of water must
be carefully and fully compensated by its removal from the resulting IR spectrum
(e.g. by quantitatively subtracting the spectrum of water obtained from a similar
adequate ‘‘blank reference’’ sample). This is often a very challenging task, and it
may also be additionally complicated by multiple hydrogen bonding in which
water is readily involved. What is even more important, different types of such
hydrogen bonding can significantly (and, quantitatively, almost always unpre-
dictably) alter not only the intrinsic vibration frequencies of water contained in the
sample in an appreciable proportion, but also those of the functional groups of the
sample which are involved in the H-bonding. An alternative way of avoiding
water-induced ‘spectroscopic artefacts’ while using ‘wet’ samples in FTIR spec-
troscopic studies implies the analysis of FTIR absorption regions or selected bands
not overlapping with the typical water absorption regions.

In an earlier paper devoted to the development of SEIRA-based immunoassays
[38], silicon plates were used sputter-coated with a very thin (*10 nm) gold film.
Onto the film, either of the two proteins, glucose oxidase (GOX) or antibodies to
glucose oxidase (anti-GOX), was immobilised, and FTIR/SEIRA spectra were
compared for the immobilised protein and after its biospecific interaction with the
other one. Whatever the results, it has to be noted that damp samples (immediately
after their removal from the aqueous solutions) were used for measuring FTIR
spectra. Thus, it could be seen that the strong and broad water absorption, par-
ticularly in the region at *1,650 cm-1, completely masked the typical amide I
(*1,650 cm-1) and amide II (*1,540 cm-1) bands of the proteins, so that other
regions, with a few weak bands, were analysed [38].

In the next report from virtually the same group [39], goat anti-GOX immu-
noglobulin (IgG) and a few other immunoglobulins were conjugated with gold
nanoparticles (10 nm average diameter), the conjugates were collected by vacuum
filtering through porous Qualitative Polyethylene Infrared Cards (3M), and each of
their FTIR/SEIRA spectra was measured also on such a wet porous polyethylene
3M IR card. The amide I band of any of the IgG proteins used (at *1,650 cm-1)
could also not be observed in that case owing to the presence of liquid water on the
surface. However, it was specially mentioned [39] that the amide II region at
*1,540 cm-1, which was outside the water band absorption, was still not
observed in the spectrum of the antibodies. (We would like to note here that a
well-resolved amide II band at 1,540 cm-1 yet appeared in the SEIRA spectrum of
the colloidal gold/anti-GOX/GOX complex on a similar wet 3M IR card [39], i.e.
after the biospecific interaction of nanoparticle-conjugated GOX with anti-GOX;
see our discussion below in Sect. 3.3).

The absence of the typical amide II band in FTIR/SEIRA spectra of a protein
(IgG conjugated with gold nanoparticles), despite its being outside the water band
absorption, was intriguing. In order to check whether it was still the effect of water
or of the gold nanoparticle surface, a study was undertaken using ATR-FTIR
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(SEIRA) spectroscopy of dried films of 30 nm-diameter gold nanosphere–protein
conjugates [40].

The ATR-FTIR spectrum of pure staphylococcal protein A (shown in
Fig. 3.2a), widely used in immunoassays [41], represented characteristic IR
absorption regions of proteins, including the stretching modes of amide N–H at
3,290 and 3,077 cm-1 (on the background of a very broad absorption of carboxylic
and alcoholic O–H groups in side chains centred at about 3,400 cm-1); symmetric
and antisymmetric vibration bands of CH2 and CH3 groups of amino acid side
chains (within 3,000–2,800 cm-1); strong typical amide I and amide II bands
(representing mainly the stretching C=O and bending N–H modes of peptide
moieties, respectively, at 1,652 and 1,540 cm-1); bending CH2 modes at
1,453 cm-1; stretching C–NH2 of side-chain primary amines near 1,400 cm-1, as
well as various weaker bands related to C–N, C–O and C–C–O vibrations of the
protein backbone and amino acid residues under 1,350 cm-1 [36, 38–40, 42].

Interestingly, the spectrum of protein A conjugated with CG (shown in
Fig. 3.2b) was found to be essentially different from that of pure protein A
(cf. Fig. 3.2a). First of all, it should be noted that the amount of protein A in the
sample of its CG conjugate taken for ATR-FTIR measurement (see Fig. 3.2b) was
approximately fivefold less than that of pure protein A (see Fig. 3.2a). Never-
theless, the two to threefold higher absorbance values in maxima in Fig. 3.2b as
compared to those in Fig. 3.2a indicate that a SEIRA effect was observed with
enhancement factors of the order of 10–15. These values correspond largely to the
electrostatic and hydrophobic nature of the gold nanoparticle surface conjugation
with a biospecific probe due to the net effect of relatively weak non-covalent
interactions, which allows the nativity of biomacromolecules and their functional

Fig. 3.2 ATR-FTIR spectra
of dry films of staphylococcal
protein A: (a) pure (100 lg of
protein), (b) conjugated with
colloidal gold (20 lg of
protein; schemes of the
samples are shown above
each spectrum). All spectra
were measured on a standard
ZnSe 458 flat-plate ATR
contact sampler (12
reflections). Redrawn using
some data from [40] to
illustrate information
presented therein
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activity to be conserved (see [40] and references reported therein). It is known that
stronger chemical (covalent) interactions of adsorbed molecules with the metal
surface can result in enhancement factors increased by over one order of magni-
tude [32].

Second, the SEIRA spectrum (see Fig. 3.2b) showed that the amide N–H band
at 3,290 cm-1 (see Fig. 3.2a) virtually disappeared. Moreover, instead of the
amide I (1,652 cm-1) and amide II (1,540 cm-1) bands, in the SEIRA spectrum of
the dry film of the gold nanoparticle–protein A conjugate there appeared a single
intermediate strong peak centred at 1,596 cm-1 (with a shoulder at about
1,650 cm-1). These changes may indicate that N–H moieties of the protein are
directly involved in its interaction with the metal surface. Also enhanced are the
regions of C–NH2 vibrations near 1,400 cm-1 (see Fig. 3.2b), suggesting the
involvement of side chain amino groups, and of C–C/C–O vibrations
(1,150–1,000 cm-1). Note that according to the SEIRA theory [32], only those
molecular vibrations which appear perpendicular to the metal surface are
enhanced, accounting for the selectivity of enhancement.

Thus, the ATR-FTIR/SEIRA result obtained using the dried film of the gold
nanoparticle–protein A conjugate (see Fig. 3.2b; [40]) accounts for the absence of
amide II band in the SEIRA spectra of wet colloidal gold conjugates with
immunoglobulins discussed above [39]. In addition, the drastic changes in the
spectrum of protein A induced by gold nanoparticles upon conjugation can provide
evidence that protein molecules are attached directly to the gold nanoparticle
surface, which is of primary importance for the synthesis of haptens with colloidal
gold for subsequent immunisation of animals [43]. Thus, the FTIR-SEIRA
methodology may be used for controlling the bioconjugation process [40].

It may be reasoned that, upon protein conjugation with the surface of a nano-
particle, the protein conformation may undergo some changes. It is important to
emphasise that, if so, this could only partly, but certainly not fully, account for the
observed FTIR (SEIRA) spectroscopic changes, since the latter are expected to be
induced largely by the specific and selective surface enhancement of certain
functional groups most close to the gold surface, considering also the surface
selection rules for their vibrations [32]. For instance, conformational changes in
bovine serum albumin (BSA) upon its conjugation with gold nanospheres
(18 ± 2 nm in diameter) were also suggested [44] on the basis of comparative
Raman scattering and SERS spectroscopic data. Note that the S–S stretching
vibration of disulphide bridges observed in Raman spectra of BSA at 515 cm-1

was also observed in the SERS spectrum of BSA conjugate (with a slight shift to
520 cm-1) with a comparable intensity [44]. This result showed that the disulphide
bonds in BSA molecules remained largely unbroken upon BSA adsorption onto
the 18 nm gold nanospheres.

On the other hand, there is a noteworthy report [45] where BSA was used for
functionalisation of very small gold nanoparticles (less than 2 nm in diameter). For
the resulting conjugate, the involvement of –S–Au protein–nanoparticle covalent
bonds was proven by Raman spectroscopy (the S–S stretching mode of disulphide
bonds in BSA reported to be at 508 cm-1 was found to completely disappear upon
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BSA conjugation with the nanoparticles) and confirmed by calculations from
energy-dispersive X-ray spectra (EDS). As a result, the FTIR spectra of pristine
BSA and of the BSA–nanoparticle conjugate (both measured in dry powder pellets
pressed with KBr) were found to be essentially similar, including the typical amide
I (at 1,653 cm-1) and amide II (*1,550 cm-1) bands. This may be attributed to
the absence of noticeable conformational changes of the protein backbone upon
conjugation with such small nanoparticles. Last but not least, such small gold
nanoparticles (\2 nm) are characterised by the absence of surface plasmon reso-
nance owing to quantum size effects [45, 46] and, hence, lack of any selective
surface enhancement (SEIRA) effects which could affect the FTIR spectrum of the
conjugated protein.

A similar virtually undisturbed FTIR spectrum of pepsin (with the typical
amide I band at 1,648 cm-1 and amide II at 1,536 cm-1) was observed for a drop-
dried pepsin conjugate with small gold nanoparticles (3.5 nm in diameter) on a
Si(111) substrate measured in the diffuse reflectance (DRIFT) mode [47]. In that
case, however, a weak broad feature at 2,520 cm-1 (typical of the –S–H stretching
vibrations of cysteine residues in pepsin) was observed also in the conjugate,
showing that not all of the cysteine residues were bound to the gold surface.
Nevertheless, in that case 3.5 nm Au nanoparticles still exhibited a plasmon res-
onance band, which was reported to be initially at 512 nm and, for the conjugate in
aqueous suspension (at pH *3 common for pepsin), was observed in UV–Vis
spectra as a broadened peak at higher wavelengths (between 500 and 600 nm)
together with the absorbance at 280 nm (p–p* transitions of the tryptophan and
tyrosine residues in conjugated pepsin).

The FTIR spectroscopic data discussed above imply that in certain cases, e.g.
when the size of the gold nanoparticles used for conjugation with a protein is
relatively small (a few nm), the FTIR spectra of the pristine protein and of the
protein attached to the gold nanoparticles may well show similar patterns (with
much smaller differences than those seen in Fig. 3.2a, b, particularly in the amide I
and amide II regions within *1,700–1,500 cm-1). Of course, this spectroscopic
similarity would be additionally facilitated when the small Au nanoparticles lack
surface plasmon resonance owing to quantum size effects, so that no bands of the
gold-conjugated protein could be selectively surface-enhanced.

It may also be suggested that, when a protein is bound to the gold nanoparticle
surface largely by a number of covalent –S–Au bonds (rather than by non-covalent
bonds via adsorption), its FTIR spectrum may well be generally similar to that of the
pristine protein, showing only slight changes (e.g. in the secondary and/or tertiary
structure). For example, in a recent paper [48], transforming growth factor-beta 1
(TGF-b1) was shown to conjugate to gold nanospheres (*13 nm in average
diameter) via S–Au bonds. High-resolution X-ray photoelectron spectroscopy data
for the TGF-b1–Au conjugate showed that 70.2 % of the three-component sulphur
signal (S 2p) were due to S–Au bonds (the component at 162.1 eV), with the
remaining 17.3 % of free thiol groups (S–H, 163.2 eV) and 12.5 % of disulphide
(S–S, 163.8 eV), while pristine TGF-b1 contains only disulphide bonds in its
dimeric molecule [48]. In the FTIR spectra (measured in the reflection mode from
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dry films on an Al plate), both the amide I and amide II bands were well resolved,
while the comparative analysis of the amide I band profiles showed substantial
conformational changes of TGF-b1 upon conjugation (note that the quantitative data
for the secondary structure components in pristine TGF-b1 were found to be close to
those for the NMR structure of solution-form TGF-b1 in the Protein Data Bank).

Yet, in many cases, FTIR data reported in the literature provide evidence for
noticeable changes, involving both the band positions and redistribution of
intensities, observed in FTIR spectra of proteins upon their adsorption onto gold
nanoparticles or gold films. This may be illustrated by marked spectroscopic
changes exhibited by an oligopeptide upon adsorption on gold nanoparticles. The
A3 dodecapeptide (AYSSGAPPMPPF, where A = alanine, Y = tyrosine,
S = serine, G = glycine, P = proline, M = methionine, F = phenylalanine)
contains amino acids capable of interacting with the Au surface via non-covalent
bonds. Its conjugate with gold nanospheres (*13 ± 3 nm in diameter determined
by TEM) showed a FTIR spectrum (measured from a film on a Si wafer) which
significantly differed from that of pure A3 [49] both in band positions and in
redistribution of intensities (Fig. 3.3).

3.3 FTIR Spectroscopy in Studying Biospecific Interactions
Involving Biofunctionalised Gold Nanoparticles

3.3.1 Immunochemical Interactions

It is well known that biomacromolecules which can be involved in biospecific
interactions of the type ‘‘recognising molecule—target molecule’’, when conju-
gated with gold nanoparticles, particularly via non-covalent bonding, most often

Fig. 3.3 FTIR spectra of free
A3 dodecapeptide (1) and A3
conjugated with gold
nanoparticles (2). Redrawn
using some data from [49]
(Supporting Information) to
illustrate information
presented therein
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retain their binding capability, which is used in various assays involving colloidal
gold bioconjugates [3]. In view of that, considering also the FTIR/SEIRA spec-
troscopic changes observed upon functionalisation of gold nanoparticles by bio-
macromolecules (see Sect. 3.2 and Fig. 3.2), it was of interest to study the FTIR
spectroscopic behaviour of the biospecifically interacting pair.

With regard to the biospecifically interacting pair protein A—immunoglobulin,
an important effect was observed after the immunochemical interaction of the gold
nanospheres/protein A complex with human immunoglobulin (hIgG) in solution
[40]. When the gold nanoparticles functionalised by protein A (antigen) were
mixed in aqueous suspension with traces of hIgG (antibody) dissolved in water
(see Fig. 3.1, lower left-hand panel), the resulting biospecific complex on gold
nanoparticles (see Fig. 3.1, lower right-hand panel, sample 3) exhibited further
FTIR spectroscopic alterations, in particular, in the amide I–amide II regions
(*1,700–1,500 cm-1).

In Fig. 3.4, FTIR-ATR spectra (in the most informative region under
2,000 cm-1) of dried films on a ZnSe support are shown for pure protein A
(spectrum a) as well as its conjugate with 30 nm gold nanospheres before (spec-
trum b) and after biospecific interaction with hIgG (spectrum c). The spectroscopic

Fig. 3.4 ATR-FTIR spectra
(in the region under
2,000 cm-1) of dried films of
(a) pure protein A (100 lg of
protein), (b) protein A
conjugated with 30 nm gold
nanospheres (20 lg of
protein), (c) the same as
(b) after interaction with
hIgG in aqueous solution
(schemes of the samples are
shown on the right-hand
panels). All spectra were
measured on a standard ZnSe
45� flat-plate ATR contact
sampler (12 reflections).
Redrawn using some data
from [51] to illustrate
information presented therein
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changes observed in going from spectrum b to spectrum c consist in the ‘resto-
ration’ of the main shape of the initial spectrum of protein A (see spectrum a), in
particular, the well-resolved amide I and amide II bands, with a ca. 15-fold
enhancement; the latter is somewhat smaller only in the C–C–O spectral region
(1,150–1,000 cm-1). This finding accounts for the appearance of the amide II band
observed after immunochemical interaction of gold nanoparticle-conjugated GOX
with anti-GOX on wet 3M IR cards, while the amide I band was still ‘obscured’ by
water absorption near 1,650 cm-1 [39], as discussed above in Sect. 3.2.

This result makes it possible to detect such immunochemical interactions using
the SEIRA effect with an enhancement factor found to be 10–15 [40], typical for
SEIRA of adsorbed biomolecules. Importantly, the addition of BSA, which does
not react with protein A, as a control to the colloidal gold/protein A complex had
no effect on its spectrum.

In is important to emphasise that the spectrum of pure hIgG (reported also for
comparison by [40], although generally resembling that of protein A (see
Fig. 3.2a), was shown to have some essential differences. The fact that spectrum c
in Fig. 3.4 (for the gold nanoparticle/protein A/hIgG complex) largely coincides in
shape with that of pure protein A (see spectrum a) and differs from that of the gold
nanoparticle/protein A complex (see spectrum b, Fig. 3.4) suggests that upon the
reaction of hIgG with protein A on the surface of gold nanoparticles, the config-
uration of protein A is modified. This is in line with the observations obtained
earlier using SERS spectroscopy for another immune reaction on colloidal gold
[50]. Moreover, it is unlikely that hIgG bound to protein A on gold nanoparticles
as an ‘outer shell’ (i.e. additionally separated from the CG surface; see Fig. 3.1,
lower right panel, sample 3) would exhibit any comparable SEIRA effect.

Note also that smaller gold nanoparticles (e.g., 15 nm in diameter) are more
stable in solution and, although giving a somewhat less clear-cut FTIR-SEIRA
spectroscopic changes than those observed on 30 nm particles (see [51] and ref-
erences reported therein), can also be used for the SEIRA spectroscopic detection
of biospecific interactions.

3.3.2 Lectin–Carbohydrate Interactions

A similar approach was attempted for FTIR spectroscopic investigation of lectin–
carbohydrate interactions [51, 52]. It should be mentioned that there are relatively
few reports related to lectin–carbohydrate specific biosensors (see, e.g. [53–56],
and references therein).

A plant lectin, wheat germ agglutinin (WGA), was used for functionalising gold
nanoparticles [52]. Wheat lectin (WGA) has been reported to induce multiple
metabolic effects in wheat-associated rhizobacteria under appropriate conditions
(see [51, 57], and references reported therein). The development of such effects is
commonly initiated by biospecific interactions in a pair ‘‘receptor molecule—
target molecule’’. In particular, WGA is well known to specifically bind N-acetyl-
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D-glucosamine (GlcNAc) residues (see, e.g. [58], which are present in some
bacterial cell-surface biomacromolecules, thus bringing about the aforementioned
multiple metabolic effects in bacterial cells under appropriate conditions.

Gold nanospheres (mean diameter 15 nm) functionalised by WGA were found to
give SEIRA spectroscopic changes, as compared to pure WGA (cf. Fig. 3.5a, b),

Fig. 3.5 FTIR spectra of
dried films of (a) pure wheat
germ agglutinin (WGA; ca.
20 lg), (b) its conjugate with
15 nm gold nanoparticles
(ca. 10 lg of WGA), as well
as (c) the same as (b) after
interaction with 5 lg
(GlcNAc)3 in aqueous
solution. All spectra were
measured in the transmission
geometry on standard ZnSe
crystal discs (Ø 13 mm,
2 mm thick). Redrawn using
some data from [51, 52] to
illustrate information
presented therein
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similar to those for the protein A–gold nanoparticle system (see Fig. 3.4a, b). For
WGA, the region of amide I and amide II bands is represented by maxima at 1,651
and 1,545 cm-1, respectively, in agreement with the FTIR data reported earlier [58].

In the FTIR absorption spectrum of the dried film of the WGA-gold nanopar-
ticle conjugate (Fig. 3.5b), instead of typical well-resolved amide I and amide II
bands, there is an intermediate strong band centred at 1,571 cm-1 superimposed
on the amide I and II band residues. In addition, there appears a strong band at
1,398 cm-1. These changes, although less clear-cut than in FTIR-ATR spectra of
30 nm gold nanoparticles (see Fig. 3.4), are analogous to those observed in the
FTIR spectrum of protein A conjugate with gold nanospheres measured in the
transmission geometry [59]. These changes reflect the interactions of amide
moieties and amino groups with the gold nanoparticle surface, in agreement with
the conclusions drawn by other authors (see above; [51] and references therein).
Note that proteins adsorbing onto the gold nanoparticle surface have been shown
[60] to displace citrate ions weakly bound at colloidal gold particles formed upon
reduction of [AuCl4]– ions by citrate. The SEIRA enhancement factors for the
WGA-gold nanoparticle system (Fig. 3.5b) were estimated to be also around
10–20 for different bands [52], depending on the orientations of transition dipole
moment (TDM) components relative to the metal surface.

After biospecific interactions of the WGA-gold nanoparticle system in aqueous
suspension with the GlcNAc trimer, (GlcNAc)3 (N0, N00, N000-triacetylchitotriose),
further IR spectroscopic changes are observed (Fig. 3.5c). In particular, separate
amide I and amide II bands have restored, in line with the spectroscopic changes
observed for the protein A–hIgG system (cf. Fig. 3.4b, c). As mentioned above, such
changes imply that upon biospecific interactions of the proteins with their target
molecules, the configuration of the protein attached to the gold surface is modified.
This conclusion is in agreement with the observations reported earlier for an immune
reaction on colloidal gold using SERS spectroscopy [50]. It was also shown using
FTIR spectroscopy [58] that WGA interaction with GlcNAc oligomers as well as
with GlcNAc-bearing liposomes is accompanied by conformational changes in the
lectin molecules reflected, in particular, in the amide I band profile.

Thus, the FTIR-SEIRA spectroscopic methodology has been shown to be
applicable to the detection of lectin–carbohydrate biospecific interactions, using
the example of WGA-gold nanospheres interacting with GlcNAc-containing
haptens [52] and also with GlcNAc-containing bacterial cell-surface macromole-
cules [61], in line with their involvement in plant-bacterial interactions via WGA-
mediated signalling.

3.4 Conclusions and Outlook

Applications of modern FTIR spectroscopy (in different modes) in biological fields
continue to grow, and this is a logical consequence of its versatility, sensitivity,
informativity and non-destructive nature. Nevertheless, as has been shown by
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several examples in this chapter, further development of FTIR methodology in
nanobiotechnology and nanobiosensing is very promising. This concerns not only
structural studies of nanomaterials, but also sensitive monitoring of the bioconju-
gation processes involving metal nanostructures, resulting in their biofunctionali-
sation. A separate important field relates to further exploiting the surface plasmon
resonance properties of biofunctionalised metal nanoparticles and their surface
enhancement effects, in particular, SEIRA in FTIR spectroscopy, which has so far
been underestimated. Finally, the possibilities for a sensitive detection of various
biospecific interactions using FTIR/SEIRA spectroscopy on gold nanoparticles,
illustrated in this chapter, should be further developed for a range of nanoparticles of
different metals, shapes, sizes and functionalising bio(macro)molecules.
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