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ABSTRACT: Vibrational spectroscopy methods display great potential in the study of 

biomolecules. The complexity of these molecular systems, though, is often a hindrance for the 

interpretation of the experimental spectra. Selective techniques should therefore be improved and 

applied extensively. This article presents surface enhanced Raman spectra of an important model 

protein, namely, wheat germ agglutinin. To obtain these spectra, a novel substrate for the protein 

has been developed. The substrate is based on gold nanospheroids, produced by wet synthesis. 

The nanoparticles are then functionalized by reaction with a solution of -D-thioglucose to 

increase the affinity of the agglutinin for the surface. When nanoparticle films are placed in 

contact with diluted agglutinin solutions, vibrational bands of the protein appear and can be 

easily discriminated from those of the substrate. The Raman bands of the substrate and of the 
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protein have then been assigned correlatively. On this basis, we conclude that the interaction 

between the agglutinin and the nanoparticles is selectively detected only when the metal surface 

is suitably functionalized.   

Graphical abstract 

 

 

KEYWORDS: Proteins; surface enhanced Raman spectroscopy; functionalized nanoparticles; 

lectins; sugar recognition.  
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ABBREVIATIONS: SERS, surface enhanced Raman scattering; WGA, wheat germ agglutinin; 

AuNPc, gold nanoparticles capped with citrate; AuNPtg, gold nanoparticles functionalized with 

-D-thioglucose; Tyr, tyrosine; Trp, tryptophan; Phe, phenylalanine; LSPR, localized surface 

plasmon resonance. 

 

 

1. Introduction 

 

Novel physical methods are needed to investigate emerging biomolecule classes. Among these 

molecules, lectins constitute a large group of carbohydrate-binding proteins. These 

macromolecules display an especially high importance from both the biological [1-3] and the 

technological point of view [4]. Lectins are widespread in nature: they can be isolated from 

viruses, fungi, plants and animals [5,6]. In addition, specifically engineered lectins have been 

recently developed [7]. The interactions between various lectin types on one side, and glycans or 

glycoproteins on the other one, represent the molecular basis of many biological events where 

signaling is involved [8,9]. Molecular specificity towards different carbohydrates is related to the 

tertiary and quaternary structural properties of each member of this protein family. For instance, 

galectins can specifically bind galactose, whereas concanavalins display a high affinity for N-

acetylglucosamine [1]. Understanding the interactions that are involved in these recognition 

processes represents an ambitious task in the field of biomolecules. At the molecular level, 

different roles have been suggested for hydrogen bonding, electrostatic forces, and hydrophobic 

interactions [10]. This signifies the importance of the presence of aromatic amino acid residues 

in the sugar binding sites of lectins [11].  
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Several physicochemical methods are currently applied to the study of lectins. X-ray 

crystallography, in particular, has yielded a large number of structures of these proteins, alone or 

complexed with various kinds of saccharides as oligomers or polymers [12]. Magnetic resonance 

spectroscopy methods are also exploited to obtain valuable information about the intermolecular 

interactions between lectins and sugars in aqueous media [13,14]. Thermodynamics of the 

complexation process is widely characterized by calorimetric methods [15]. Optical techniques, 

on the other hand, have a high information potential. They can yield details about the 

intermolecular interactions giving rise to lectin / sugar complexes and can be performed at 

relatively low concentrations. Vibrational spectroscopy, when carefully applied, can contribute 

to very promising methods. These methods, though, are often hindered by the extremely high 

number of vibrational degrees of freedom, belonging both to proteins and to saccharides, making 

infrared and Raman studies difficult on the experimental and interpretative side. Therefore, 

vibrational spectroscopic methods can be aided by variants offering the advantage of selectivity. 

Resonance Raman spectroscopy and surface enhanced Raman scattering (SERS) spectroscopy 

are representative examples of the improvement given by selectivity to spectroscopic studies, 

especially in the field of biologically active molecules [16-19].  

SERS spectra of biomolecules are often difficult to be measured, as a SERS-active substrate is 

required to ensure substantial enhancement of the Raman signals [20]. Not all nanostructured 

materials are suitable for this task. Metal nanoparticles are most commonly employed because of 

their favorable optical properties [21-23]. On the other hand, their surface may give rise to a 

chemical reaction with the adsorbed molecules. In this event the resulting SERS spectra will be 

changed and produce misleading information [24]. This issue explains the need for a protection 

of the surface, often translated into a functionalizing coating [25-27]. An ideal coating should 
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avoid chemical reactions with the metal, while keeping the adsorbed molecules at a short 

distance from the surface. Moreover, the functionalization agent should impart selective affinity 

for the (macro)molecule studied by SERS. In the field of biomolecule research, much 

experimental work has been performed with functionalized nanoparticles either as colloidal 

dispersions, or cast as solid substrates that are placed in contact with biomolecule solutions 

[28,29].  

In the present study we have applied SERS spectroscopy to obtain Raman spectra of a model 

lectin. We have chosen wheat germ agglutinin (WGA) as a model, as this protein is widely 

known from the structural and physicochemical point of view [30,31]. The goal is the 

measurement of protein Raman spectra in diluted aqueous solution, taking advantage of the 

signal enhancement by metal nanoparticles. It is widely recognized that bringing 

macromolecules close to the metal nanoparticle surface, that is the first step in generating SERS 

spectra, is not straightforward. This task can be made easier by chemical modifications at the 

surface, i.e., by functionalization. In the case of lectins, saccharides appear to be the first choice 

in an attempt to promote the interaction between metal nanoparticles and proteins [32-35]. 

Therefore, we have first produced gold nanoparticles by a well-characterized reaction, and we 

have successively functionalized the metal surface by a reaction with -D-thioglucose. We have 

finally employed the product of this reaction as a substrate to perform SERS spectroscopy of 

WGA.  

 

 

2. Materials and methods 
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HAuCl4 (99.999 % purity), sodium citrate (99.5 % purity) and WGA (100 % purity) were 

purchased by Sigma. -D-thioglucose (97% purity) was purchased by Alfa Aesar. H2O 

(Lichrosolv grade) was purchased by Merck. Au dispersions were synthesized by citrate 

reduction according to Frens’ procedure [36], that is based on previous work by Turkevich [37, 

38]. Aqueous solutions of -D-thioglucose were employed for the functionalization [39]. The 

solutions were mixed with the Au dispersions at room temperature, reaching the final -D-

thioglucose concentration 4 × 10
-6

 M or 5 × 10
-7

 M.  

The substrates for SERS spectroscopy were obtained from concentrated nanoparticle 

dispersions. The dispersions were centrifuged at 3000 rpm for 10 minutes at 20C to increase the 

nanoparticle concentration by a factor 12. This factor was estimated by measurements of the 

dispersion volume before and after centrifugation. The volumes were measured by calibrated 

Nichiryo pipettes. A drop of the concentrated dispersion was deposited on a microscope cover 

glass and dried for 30 minutes at room temperature until a film was formed. Representative 

micrographs of the film samples are shown in Figure SM 1 of the Supplementary Material 

section. The glass was successively put on the well of a microscope slide, containing either the 

protein solution or pure water for reference measurements.  

UV-visible extinction spectra were measured with an Agilent Cary5 spectrophotometer. The 

optical path was 1 cm.  

SERS spectra were measured with a Renishaw RM 2000 microRaman spectrometer. An 

objective 60× was employed. The laser excitation wavelength was 785 nm. The power at the 

sample, measured with a Coherent Field Master detector equipped with an LM-2 head, was 170 

µW. The signal integration time was 10 s for each spectral acquisition. A variable number of 
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spectra were averaged, depending on the signal-to-noise ratio that could be obtained by each 

sample.  

Ordinary Raman spectra were measured with a Bruker MultiRam spectrometer on pure solid 

samples. The laser excitation wavelength was 1064 nm. The spectral resolution was 4 cm
-1

.  

 

 

3. Results 

 

We first describe a comparative optical study on aqueous dispersions of citrate-reduced Au 

nanospheres (AuNPc) and -D-thioglucose functionalized Au nanospheres (AuNPtg) without 

protein. The localized surface plasmon resonance (LSPR) band displays an extinction maximum 

at 531 nm for AuNPc dispersions. The layer of functionalizing -D-thioglucose molecules 

determines a slight shift of the LSPR maximum of AuNPtg to 533 nm. This shift can be related 

to the dielectric constant increase due to the replacement of citrate molecules by -D-thioglucose 

in the substitution reaction. 

Figure 1 a displays the SERS spectrum of an AuNPc film in contact with pure water. The most 

intense band in the examined wavenumber range is observed at 247 cm
-1

. Several other medium-

intensity SERS bands are present in the range 900-1600 cm
-1

. The wavenumbers are reported in 

Table 1, together with a correlative assignment. 

 

 

(Figure 1) 
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Figure 1. (a) SERS spectrum of an AuNPc film. (b) SERS spectrum of a film of AuNPtg 

functionalized by a 4 × 10
-6

 M -D-thioglucose solution. The films are in contact with pure water 

during the SERS measurement. 

 

Figure 1 b shows the SERS spectrum of an AuNPtg film sample functionalized by a 4 × 10
-6

 M 

-D-thioglucose solution. The spectra are measured in similar experimental conditions as those 

of AuNPc. Strong variations can mainly be observed in the low-frequency range. In particular, 

two bands appear at 261 cm
-1

 and at 295 cm
-1

. The wavenumber range 500-1300 cm
-1 

shows 

additional medium-intensity bands, suggesting they are related to -D-thioglucose binding to the 

Au surface. To verify this explanation, we have measured SERS spectra of films obtained by 

functionalization at intermediate -D-thioglucose concentration. An example of these spectra is 

shown in Figure SM 2 of the Supplementary Material part. 

To gain insight into the vibrational features of -D-thioglucose, we have performed a Raman 

spectrum of pure -D-thioglucose in the solid state, displayed in Figure 2 in the region between 

200 and 1800 cm
-1

. Seventeen bands are shared by both the Raman spectrum of the solid sample 

and the SERS spectrum shown in Figure 1 b. Direct comparison of -D-thioglucose Raman and 

SERS spectra can be found as supplementary information (Figure SM 2 of the Supplementary 

Material part). The wavenumbers of solid -D-thioglucose bands are listed in Table 1, together 

with the vibrational assignments proposed in previous SERS investigations about -D-

thioglucose on various metal surfaces [40,41].  
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(Figure 2) 

 

Figure 2. Raman spectrum of pure solid -D-thioglucose. The laser power at the sample is 60 

mW. 3000 interferograms are averaged.  

 

 

Table 1. Experimental wavenumbers observed in the Raman spectrum of solid -D-thioglucose, 

in the SERS spectra of AuNPtg films, and in the SERS spectra of AuNPc films. Abbreviations: 

, stretching; s, symmetric stretching; as, asymmetric stretching; δ, bending; τ, torsion; ρ, 

rocking; ω, wagging.  

    

 AuNPc 

SERS 

(Figure 1 a) 

 AuNPtg 

SERS 

(Figure 1 b) 

Solid -D-

thioglucose  

Raman 

(Figure 2) 

Assignment 

   

247    (Au-O) [42]  

 261  Radial Au-S displacements [43] 

 295  Tangential Au-S displacements [43] 

  356 (CCC) [41] 

  415 (OH) [41] 

  435 (CCC) [41] 

  513 (CCO) [41] 

 532 550 (CCO) [41] 

 718 710 τ(CCC) [41] 
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802    (C-O), (CH2) [44] 

 ~ 820 819  (CS) [40] 

 ~ 880 897 (CC) /s (COC) ring / ρ(CH2) [40,41] 

 922 913  (CC) / s (COC) ring / ρ(CH2) [40,41] 

 997 993  (CO) [41] 

1030    (C-C-O) [44] 

 1026 1031  (CC) ring /  (COC) ring / δ(COH) [40] 

 1053 1048  (CC) ring /  (COC) ring / δ(COH) [40] 

 (C-OH) [41] 

  1064  (CC) ring / δ(COH) [40] 

  1084  (CC) ring /  (COC) ring / δ(COH) [40,41] 

 1115 1112  (C-OH) [41] 

  1136  (COC) ring /  (C-OH) [40] 

 1175 1195 (CH), (CH) [40,41] 

 1215 1226 δ (COH, CH) [40,41] 

1255    (C-O) 

 1259 1270 (CH2) [41] 

1300    (C-O)[44] 

 1298 1328 (CH2), (OH) [41] 

1348   s (COO
−
) [45] 

 1358 1356 δ (COH, CH) [40] 

1376   s (COO
−
) [45] 

 1378 1376  δ (COH, CH) [40] , (CH2), (OH) [41] 

  1408 (CCC) [41] 

1430    (CH2) deformation  

 1435 1459 ω (CH2) / δ (CH2, COH, CH) [40] 
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1536   as(COO
−
) 

 

 

The effect of the functionalization of the Au nanoparticles can be highlighted by a comparison 

between the extinction spectra of AuNPc dispersions and those of AuNPtg dispersions when 

WGA at increasing concentration is added (Figure 3). In the case of AuNPc, the presence of a 

very small amount of WGA (1 × 10
-9

 M) clearly gives rise to a red shifted, broad LSPR band due 

to nanoparticle aggregation. Further increases of the protein concentration shift the extinction 

maximum to 717 nm. The AuNPtg dispersions show a different behavior. The extinction 

spectrum of AuNPtg is not altered by WGA additions below 7 × 10
-8

 M. When the protein 

concentration is further increased, the LSPR band of aggregated nanoparticles only shifts to 634 

nm.  

 

(Figure 3) 

 

Figure 3. (a) Extinction spectra of AuNPc dispersed in water at increasing WGA concentration. 

(b) Extinction spectra of AuNPtg dispersed in water at increasing WGA concentration. 

 

When films of AuNPtg and AuNPc are formed, it can be observed that the interaction with 

WGA gives rise to different SERS spectra for the two samples (Figure 4). In fact, protein SERS 

bands are observed when the films consist of functionalized AuNPtg nanoparticles. The protein 

Jo
ur

na
l P

re
-p

ro
of



 12 

bands, detected at a very low (5 × 10
-6

 M) WGA concentration, are overlapped with those of -

D-thioglucose. For a better comparison, we contrast the SERS spectrum of WGA in solution 

with the solid protein Raman spectrum in the 400-1100 cm
-1

 region in Figure 5. The SERS bands 

at 646, 718, 760, and 1012 cm
-1

 can be interpreted as vibrational bands of the amino acid side 

chains, as it will be explained in the Discussion section. An extended Raman spectrum of solid 

WGA is reported in Figure SM 3 of the Supplementary Material part. To assign the Raman 

bands of WGA we have extensively searched for correlations with literature data (Table 2).  

 

 

 

 

(Figure 4) 

 

 

Figure 4. (a) SERS spectrum of an AuNPc film placed in contact with a 5 × 10
-6

 M WGA 

solution. (b) SERS spectrum of an AuNPtg film functionalized with a 4 × 10
-6

 M -D-

thioglucose solution, successively placed in contact with a 5 × 10
-6

 M WGA solution. 

 

(Figure 5)  
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Figure 5. The SERS spectrum of 5 × 10
-6

 M WGA solution in Figure 4 b (upper trace) is 

compared with the Raman spectrum of solid WGA (lower trace) in the wavenumber region 400-

1100 cm
-1

. The Raman spectrum of solid WGA in the 200-1800 cm
-1

 range is reported in Figure 

SM 3.  

Table 2. Experimental wavenumbers observed for solid WGA and for WGA adsorbed on 

AuNPtg films. Band assignments from literature are proposed. 

   

Solid WGA Raman WGA SERS 

on AuNPtg 

Assignment 

  

 261, 293 -D-thioglucose Au-S displacements [43] 

307   

421  Tyr [46] 

509  S-S stretching [47-49] 

622  Phe [46] 

645 646 

 

Cys [50] Tyr [46, 51, 52] 

658 Met [50] 

675  Cys [48] 

722 718 Met [51] 

761 760 Trp [51-54] 

782  Cys [48] 

806  Tyr [51] 

836  Tyr [51-53] 

856  Tyr [51-53] 
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881  Trp [51, 53] 

937  Skeletal deformation [51] 

966  Trp [51] 

988  Arg [55]  

1005  Phe [46, 51, 53] 

1013 1012 Trp [52, 53] 

1032  Phe [46, 51, 53] 

1076 1072 Arg [55] 

1124  C-N [51] 

1183  Tyr [51, 56] 

1209  Tyr, Phe [51, 56]  

1236  Amide III [57] 

1254  Amide III [57] 

1307  Cys [50] 

1338 1340 Trp [51-53, 58] 

1361   Trp [52, 58] 

1415  (C-H) [51] 

1445  (C-H) [51] 

1552   Trp [51, 53] 

1585  Tyr [56] 

1606  Phe, Tyr [56] 

1615  Tyr [56] 

1651  Amide I [58] 

1673  Amide I [59] 
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4. Discussion 

 

The significance of the nanoparticle functionalization by -D-thioglucose can be evaluated by 

contrasting the extinction spectra of AuNPc and AuNPtg that are shown in Figure 3. The 

behavior of the AuNPc and AuNPtg dispersions is strongly different when WGA is added to the 

nanoparticles. The unfunctionalized AuNPc samples are aggregated in the presence of minimal 

WGA concentrations, with a LSPR shift to 717 nm. The large shift of the LSPR maximum points 

to an extensive aggregation, possibly involving several Au nanoparticles [60,61]. The formation 

of large aggregates has been reported in other studies, e.g., upon addition of bovine serum 

albumin to 30 nm Au nanoparticles [62]. When the albumin-induced aggregates contained 

hundreds of Au nanoparticles, they displayed an LSPR maximum at ~ 720 nm, as it was shown 

by analytical ultracentrifugation combined with extinction measurements. Interestingly, when the 

aggregates consisted of Au nanoparticle dimers and trimers, the maximum was in the range 600–

650 nm. This observation suggests that the interaction of WGA with AuNPtg, that yields limited 

shift of the LSPR maximum to 634 nm, similarly is due to the formation of few-nanoparticle 

aggregates. It is tempting to interpret the different behavior of AuNPtg and AuNPc through 

intermolecular interactions at the AuNP surface. This means that the surface-bound -D-

thioglucose units bind the protein molecules at their glycan-binding sites with some degree of 

specificity. The resulting complex could bind one more AuNP – or a few more nanoparticles. 

Further growth of the aggregate would stop at this stage in AuNPtg. At variance, the 
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agglomeration of AuNPc would occur in a chaotic process where several nanoparticles are 

juxtaposed in various orientations involving multiple kinds of protein / AuNPs interactions.  

The different way of complex formation can explain the main result of the present study, 

namely, protein SERS bands appearing upon WGA adsorption on AuNPtg. This result is in stark 

contrast with the minimal effect induced by WGA on the SERS spectra of AuNPc samples. In 

that case spectral changes are restricted below 300 cm
-1

 (Figure 4 a), where the vibrational bands 

involving the metal displacements are detected. This observation suggests that the protein and 

the AuNPc nanoparticles are involved in an interaction, although the SERS bands of the protein 

moiety are not detected. It is possible that the protein bands are hidden in the broad background 

because of the structural heterogeneity of the protein / AuNPc complexes, as observed in the 

UV-visible spectra discussed above. This would correspond to the spectral heterogeneity of 

SERS as well, leading to broadened bands that are not easily distinguished from the background.  

Conversely, many SERS features of the AuNPtg / WGA complexes can be interpreted as 

characteristic protein bands. It can be foreseen that the protein bands that are most prominent are 

related to vibrational modes of aromatic amino acids [52]. These residues in each protein 

monomer are eight tyrosine residues (Tyr) in WGA isolectin 1 (seven in isolectin 2), three 

tryptophan residues (Trp), and three phenylalanine residues (Phe) [63]. Three bands of Trp [53] 

are clearly detected in the SERS spectra in Figure 4 b at 760, 1012 and 1340 cm
-1

. The Trp bands 

at higher wavenumbers are largely overlapped with -D-thioglucose bands. In contrast, the 

contributions of Tyr to the spectrum are detected less easily, possibly because of a larger 

bandwidth. However, the SERS band at 646 cm
-1

 can be related to Tyr [51,56]. No Phe bands are 

observed. It is apparent that the intensity of the SERS bands is not proportional to the relative 

abundance of each aromatic amino acid residue. The intensity enhancement, in fact, is strongly 
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dependent on the amino acid position in the protein, as this is related to the distance from the 

metal surface when the protein is adsorbed. A relationship between the SERS enhancement 

factor and the distance from the nanoparticle surface has been established both theoretically and 

experimentally for several systems [21]. Besides the bands of the aromatic amino acids, 

moderately enhanced contributions can be ascribed to other residues, i.e., cysteine (Cys) at 646 

cm
-1 

[50] overlapped with a Tyr band, and methionine (Met) at 718 cm
-1

 [51]. The SERS bands 

in the region within 800 and 950 cm
-1

 (Figure 4 b) are largely broadened. This is possibly a 

hindrance for the detection of single bands. 

The SERS results can be interpreted through one of the three-dimensional models of the glycan 

binding sites of WGA proposed on the basis of X-ray crystallography and computational results 

[31]. Four different protein domains have been proposed and termed A, B, C, and D for each 

monomer. Each domain contains a sugar binding site that includes a serine residue and aromatic 

amino acids. The A domain binding site presents three Tyr residues in the positions 21, 23, and 

30, not far from a Trp residue that occupies position 41. The site in the B domain is structurally 

similar to that in A, except for the absence of a Trp residue near the binding site. The aromatic 

residues involved in binding at the C domain are one Trp and two Phe. Finally, the D domain 

binding site only involves two aromatic residues, i.e., Trp and Tyr. As only Tyr and Trp bands 

can be detected in the SERS spectra of the protein adsorbed on AuNPtg, it is likely that A and D 

sites are mainly involved in the interaction between WGA and the thiosaccharide moiety of 

AuNPtg.  

 

 

5. Conclusions 
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Our study shows the importance of a targeted functionalized surface for the detection of 

protein vibrational features by SERS. In fact, we have contrasted useful results obtained by 

different spectroscopic methods, namely, electronic absorption and SERS spectroscopy. UV-

visible absorption unequivocally shows that WGA / Au nanoparticle interactions occur both for 

citrate-capped metal surfaces and for -D-thioglucose coated nanoparticles. However, only the 

latter substrate can give rise to SERS spectra displaying vibrational bands of the amino acid side 

chains. We have observed bands that can be assigned to the side chains of Trp, Cys, Arg, Met 

and Tyr on the basis of a correlation between the experimental Raman spectrum and literature 

data. In addition, we have found that the occurrence of these SERS bands is consistent with the 

three-dimensional properties of the sugar-binding sites of WGA previously proposed by 

crystallographic and computational studies. We propose that the present study opens the way to 

future investigations that focus on subtle conformational changes of lectins, including 

functionally significant variations stemming from the interactions between lectins and glycans 

[64]. This proposal relies on the informative potential that is typical of SERS in the field of 

protein research. This kind of vibrational spectroscopy can shed light on molecular properties 

and intermolecular interactions, and permit the detection of macromolecules for analytical 

purposes.  
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