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New construction blocks for nanomaterials have been found in Nature itself: viruses. Synthetic 

methods to modify them are relevant for bionanomaterials design. In this paper, a method is 

presented that takes advantage of the natural functional groups in the fd virus structure to 

decorate them with gold nanoparticles. The method employs a bioconjugation reaction in 

which cysteine molecules are appropriately bonded, mediated by carbodiimides, to carboxyl 

and amine groups in the virus capsid proteins. fd virus with one gold nanoparticle at the tip end 

and gold nanowire-like structures were obtained. We can discriminate the different synthesized 

structures, using surface enhanced Raman spectroscopy in conjunction with principal 

component analysis. The general procedure developed here is a promising tool to determine 

how viruses are modified after a bioconjugation reaction. 

 

 

 

Introduction 

Nanotechnology has recently met new construction blocks in 

Biology, such as short peptides, complex proteins, lipidic 

membranes, and more recently amyloid fibrils and viruses.1 

Applications of these new supramolecular building blocks have 

shifted the traditional top-down approach for nanostructure 

design to a new bottom-up one.2 Probably, the most remarkable 

property of these building blocks is self-assembly, which can be 

successfully exploited in the development of new 

bionanocomposites. Among biological structures, viruses have 

played an important role in various nanotechnological 

developments including biosensing,3 therapeutics,4 drug 

delivery,5 and energy storage.6 Reproduction of viruses is 

genetically controlled and then practically monodisperse. Using 

a specific host, they can be grown in good yield. Their size can 

range from a few nanometers to ~ 400-1000 nm; they are easily 

observable by Transmission Electron Microscopy (TEM).7 In 

addition, viral proteins can be modified using genetic 

engineering8 or chemical bioconjugation methods.9  

In chemical bioconjugation, virus particles are viewed as 

chemical reagents; they can be added to conventional reaction 

mixtures available in any organic chemistry lab. Viral surface 

segments exposed to the solvent are able to react with another 

biomolecules due to the presence of functional groups as 

carboxyl groups (aspartic and glutamic acids, or terminal 

carboxyls), primary amines (lysine or terminal amines), 

hydroxyls (tyrosines), thiols (cysteines), and in a less extent the 

guanidine group from arginine.1 Typical examples of chemical 

bioconjugation methods include the Cu (I)-catalyzed azide-

alkyne cycloaddition (CuAAC),10 and the use of functional 

cross-linkers as EDC (1-ethyl-3-(3-dimethylaminopropyl)-

carbodiimide) and NHS (N-hydroxysuccinimide).1 

fd virus 

The fd bacteriophage is a single chain DNA filamentous virus 

800-1000 nm in length and 6 nm in diameter. The capsid is 

formed by five different proteins: three to five copies of protein 

III and VI on one end, proteins VII and IX on the other, and 

approximately 2700 copies of the major coat protein VIII 

(pVIII). pVIII is a 50 amino acids α-helix assembled as fish 

scales protecting the DNA11 forming the capsid tubular 

structure (see Fig. 1). Only recently, this virus has been used for 

bionanocomposite production, unlike its closest relative the 

M13 virus that has been widely used in molecular biology and 

nanotechnology.12 The fd virus has been widely used as a 

model to study colloidal systems of semi-rigid rod-like particles 

forming fluids embedded with threadlike structures13 and liquid 

crystals.14 Filamentous structures have been useful in the design 

of nanowires as in the case of actin, amyloid fibrils, and rod-

like viruses. All of these structures can be metallized by 

different methods to obtain metal nanowires.15 In particular, 

filamentous M13 and fd viruses can be used as a template for 

obtaining gold bionanocomposites.16,17  

The fd virus can be chemically modified due to the functional 

groups present in each coat protein VIII, as carboxylic acids 

(Glu2, Glu20, Asp4, Asp5 y Asp12), and primary amines (Lys8 

and terminal amine).18 On the other hand, the high affinity of 

sulfur atoms to react with gold can play an important role to 

bond amino acids, as cysteine and methionine, to gold 

NanoParticles (AuNPs).17 However, the number of cysteine 
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amino acids in viral capsids are relatively low; fd virus has just 

6 cysteines in each pIII protein, and one for each protein VI, 

VII and IX. Therefore, there are approximately 35 cysteine 

groups in one end of the virus, and 6-10 in the other one. pVIII 

protein does not have any amino acids with sulfur, and the 

introduction of them by genetic engineering may alter the 

appropriate protein folding. As a consequence, chemical 

bioconjugation is an attractive method to carry out surface 

modification, because practically any biomolecule can be 

bonded to any of the many functional groups on these pVIII.  

 
Fig. 1. fd virus scheme showing the viral particle proteins, and 

the structure of the major coat protein VIII (PDB identifier 

1IFD19), which is an α-helix composed of 50 amino acids with 

three principal regions: amphipathic, hydrophobic, and basic 

(residues involved in DNA charge neutralization).20 The 

possible reaction sites are shown in the amphipathic region. 

 

One of the most simple bioconjugation reactions uses the zero-

length cross-linker 1-Ethyl-3-(3-dimethylaminopropyl) 

carbodiimide (EDC) and N-hydroxysuccinimide (NHS). Here, a 

primary amine and a carboxylic acid form an amide bond as 

can be seen in Fig. 2, where fd virus and cysteine are used as 

reactants. This reaction was originally developed for labeling 

proteins, and now it is considered as a classical bioconjugation 

method.1 Despite the low specificity of the EDC reaction, it is 

simple and fast for bioconjugation of aminoacids. This method 

is often used as an initial activation step to functionalize 

nanoparticles towards biomolecule modification.1 

Raman spectroscopy 

Although, the ultimate test of any successful 

bionanoconjugation product is to prove functionality in the 

desired application, they need to be characterized to find a 

relation between structure and function. Bionanomaterial 

architecture has been  studied with a variety of well-developed 

techniques.21 One of them is the chemically specific Raman 

spectroscopy. Bands (peaks) in the Raman spectrum are 

characteristic of specific molecular vibrations providing 

molecular structural fingerprints.22  Although Raman scattering 

spectra provide high information content for biological 

samples, it is an inefficient process because the scattering cross-

sections are very low; ~10-12-10-14 orders of magnitude below 

the fluorescent cross-sections. Thus, to overcome these 

problems and to achieve high sensitivity, nanostructured 

surfaces or noble metal nanoparticles are incorporated in 

biological samples; scattered intensity is strongly enhanced due 

to plasmon resonances. This Surface Enhanced Raman 

Spectroscopy (SERS) has proven to be a very effective 

technique, where detection sensitivity can be improved in 6 to 

10 orders of magnitude compared to conventional Raman 

spectroscopy.23,24 SERS produces a spectrum that contains 

many peaks, some of them particularly enhanced. Each one of 

these peaks contains useful biochemical information of the 

sample.  

 
Figure 2. Main reaction path for virus modification using the 

cross-link reaction catalyzed with EDC and NHS. 

Principal Component Analysis  

Some statistical method such as the Principal Component 

Analysis (PCA) is needed to extract as much information as 

possible from the data. PCA is a linear algebra standard 

procedure that reduces a complex data set with many peaks to a 

set of lower orthogonal dimensions, the so-called Principal 

Components (PCs), with negligible loss of information. In 

many cases, only the largest PCs are necessary for identifying 

patterns in data and to highlight differences. This depends on 

the PCs contribution to the total variance. PCA has been 

successfully applied in the biomedical area to analyze 

spectroscopic data from samples in different pathologies.25–27 

The present paper has two objectives. First, to report the 

synthesis of bionanocomposites made from fd virus and 

AuNPs. A cross link reaction catalyzed by EDC and NHS is 

first used to introduce cysteine molecules in the capsid proteins 

of the virus. Wild-type fd (wt fd) and fd-cysteine (fd-cys) 

viruses are then bonded to AuNPs. As a result, wt fd with a 

gold nanoparticle at one tip end and nanowire-like structures 

are produced. The bionanocomposites are characterized by 

transmission electron microscopy (TEM), Raman, and SERS. 

Second, to use PCA to discriminate the main differences among 

the complex SERS spectra of the modified viruses. The results 

suggest that this statistical procedure applied to SERS could be 

a powerful tool for characterizing the different products along 

bionanocomposite production. 

 

 

Results and Discussion 

 
Cysteine molecules were introduced along the viral particle to 

obtain fd-cys viruses, using the reaction catalyzed by 

carbodiimides discussed above. The conjugation occurs mainly 

in protein pVIII because it is the most abundant protein in the 

capsid (Fig. 3).  

 

When UV spectra of cysteine, fd-cys, and wt fd viruses are 

compared, they differ. The wt fd and fd-cys viruses are red-

shifted as compared to cysteine in solution (Fig. 4a), and the 
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UV spectrum of the fd-cys virus has two more peaks than the 

UV spectrum of the wt fd. Cysteine on the virus surface can 

induce a slight local unfolding on the neighbor amino acids, 

particularly important if aromatic amino acid side chains are 

exposed. Local unfolding is subtle enough to maintain the virus 

structure (Fig. 4b and 4c), but enough to be observed in the UV 

spectrum. As expected, the wt fd and fd-cys viruses cannot be 

differentiated with TEM (Fig. 4b and 4c). 

 
Fig. 3. Decoration of viral particles. After reduction of 

cysteines (pink wavy lines) free thiol groups are obtained (fd-

cys). Addition of AuNPs to the reaction mixture can produce wt 

fd virus with AuNPs preferentially attached to the tip ends, or 

gold nanowire-like structures (fd-cys-AuNP).  

 

Sulfur containing molecules such as thiols and disulfides 

present a very high affinity for Au surfaces, in particular to 

those of gold nanoparticles.28 Nevertheless, we found that when 

cysteines in the fd-cys virus form disulfide bonds, AuNPs do 

not bond easily to the viruses. Thus, the disulfide bonds must 

be previously reduced with NaBH4 to form thiol groups (S-H) 

in a N2-atmosphere to avoid oxidation.29 After eliminating the 

reducing agent with dialysis, freshly prepared AuNPs were 

added under stirring to the virus suspension, to form the 

bionanocomposites. In addition, the wt fd virus without 

cysteine functionalization can also be bonded to AuNPs at the 

tip ends due to the native thiol groups (Fig. 3). Actually, AuNPs 

were attached just to one end tip. 

 

The TEM images of Fig. 5 show the formation of two different 

kinds of synthesized bionanocomposites after the reaction of 

the viruses with the AuNPs has taken place: a) The wt fd virus 

with a nanoparticle bonded at one tip end of the virus particle 

(fd-AuNP, Fig. 5a and Fig S1).  Gold nanoparticles are 

preferentially bonded to one of the tip ends in agreement with 

the larger number of thiol groups at one end. b) Gold nanowire-

like structures (fd-cys-AuNP, Figs. 5b-5d) that were obtained 

by adding AuNPs to previously reduced fd-cys viruses. When 

only one reaction round was employed to make fd-cys viruses, 

a lower amount of AuNPs was attached (Fig. 5b) than when 

two reaction rounds were employed (Fig. 5c and 5d). 

 

Although the AuNPs along the viruses are very close together 

in some cases, they do not present long connected segments. 

Employing more rounds to attach a greater amount of cysteines 

on the virus capsid would most likely increase the linear density 

of bonded AuNPs. It is important to note that isolated decorated 

fd-cys-AuNP viruses were not observed at all; they were 

always forming bundles. Bundle formation occurs prior to the 

AuNP addition, and it is probably due to the reducing agent 

(NaBH4), which opens the disulfide bonds inducing 

crosslinking among fd-cys viruses (inset Fig. 5d). It is not clear 

which mechanism leads to lateral aggregation of filamentous 

structures, as in other processes  of virus metallization;30–32 

although, it has been argued that divalent ions present might be 

involved.17 

 

Standard Raman (SR) spectra of the modified viruses are not as 

useful for characterization as SERS, because some distinctive 

peaks are enhanced in the latter (see Fig. S2). Fig. 6 presents 

averaged SERS spectra obtained by adding 30 nm AuNPs to the 

aqueous suspensions of wt fd virus and bionanocomposites 

developed in this work. Raman enhancement due to the small 

attached AuNPs is negligible; larger NPs are needed to get a 

significant enhancement. 

 

 
Fig. 4. (a) Ultraviolet spectra of aqueous suspensions of wt fd 

virus, fd-cys virus, and cysteine in aqueous solution. Electron 

micrographs of (b) wt fd virus and (c) fd-cys virus. 

 

The position of the characteristic Raman peaks previously 

reported for the wt fd virus33 are also observed; they are 

indicated with dotted lines. The spectrum of the wt fd virus and 

the modified ones are different. The most significant 

differences are observed in two regions of Raman shifts: 700 -
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1200 cm-1 and 1400-1650 cm-1. However, peaks related to thiol 

groups are not intense enough to be identified as they become 

lost in the signal coming from a large number of low-intensity 

peaks.  On the other hand, it can be appreciated that the spectra 

of fd-Au and fd-cys-Au are relatively similar, and it is difficult 

to differentiate them. Nevertheless, as will be shown below, 

PCA reveals hidden patterns and highlights the differences 

between these spectra. 

 

Fig. 7a presents three-dimensional plots for the first three 

principal components (PC1, PC2, and PC3) obtained from SR 

and SERS for sets coming from wt fd and fd-cys viruses; each 

point corresponds to a particular spectrum in the set. In these 

plots, four well-differentiated groups emerge. Regardless of 

whether SR or SERS is employed, PCA differentiates the 

spectra of wt fd and fd-cys. However, PCA points out the 

difference between SR and SERS spectra. The plot of the first 

principal component, PC1, as a function of the Raman shift 

(Fig. 8) reveals the most important differences among the virus 

SERS spectra. The observed differences in Fig. 8 are mainly 

concentrated in the region between 2400 and 2600 cm-1, which 

are related to stretching of S-H bonds.34 Main differences are 

observed at 2462, 2578, 2536, 2549, 2569, and 2588 cm-1 (Fig. 

8) that are probably related to the introduced amino acid 

cysteines.  

Fig. 7b presents three-dimensional plots for the first three 

principal components obtained from SR and SERS of 

nanowire-like virus sets. We have also included a negative 

control that was made by adding gold nanoparticles (5 nm) to 

non-reduced fd-cys viruses; we do not expect them to react, 

because almost certainly most of the thiol groups in fd-cys virus 

are forming disulfide bonds. It is important to note that only 

when SERS was used, gold nanowire-like structures and 

negative control spectra PCs form groups that are far apart from 

each other; so they can be differentiated. In the same way, Fig. 

7c shows that employing SERS, in conjunction with PCA, is 

able to separate the spectra from fd-AuNP and gold nanowire-

like viruses in a clear way. In contrast by just using SR, the 

spectra from both types of viruses cannot be differentiated. It is 

possible that using a complementary multivariate analysis 

methods, such as the Discriminant Function Analysis, the 

recognition of patterns inside apparently similar groups could 

be improved using SR spectra alone.35 

 

 
 

Fig. 5. Electron micrographs of the bionanocomposites. wt fd virus decorated with 15 nm AuNPs at one tip end (a); Inset: a 

decorated wt fd virus at higher magnification. Fd-cys-AuNP after one reaction round to obtain the fd-cys viruses (b), and after two 

reaction rounds to obtain the fd-cys viruses (c) and (d). AuNP diameter = 5 nm. Inset in (d) shows a braided structure made of fd-

cys viruses after reduction with NaBH4. 
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Fig. 6. Average SERS spectra for wt fd virus, fd-cys, fd-AuNP, and fd-cys-AuNP (gold nanowire-like structures). 

 

As mentioned above, it is quite complicated to note the 

differences among SERS spectra corresponding to different 

types of viruses with the naked eye. PCA helps to determine 

major differences among spectra. In Fig. 8a, we present an 

example showing PC1 and PC2 as a function of the Raman 

shift that shows the main differences between the wt fd and fd-

cys viruses spectra. These differences correspond mainly to 

vibrations of amide bonds and sulfur related groups; specific 

vibration modes can be assigned to those peaks (see Table S1). 

The CO2 stretching at 1624 cm-1 may be attributed to the 

cysteine carboxyl groups, occurring when amino groups of 

cysteine reacted with protein pVIII carboxy groups. On the 

other hand, the peaks at 1226 and 1467 cm-1 can be attributed to 

amines and amides resulting from the bioconjugation of 

carboxyl groups of cysteine with pVIII amino groups.  

However, there are also vibrations from different functional 

groups that can contribute to a specific peak as observed in 

Table S1, or signals related to trace molecules, as in the case of 

1226 cm-1. This peak can be related to the amide III, or to the 

N=N=N stretching of azides coming from the sodium azide in 

the buffer solution added to prevent microbial growth. Similar 

plots were also obtained among different sets of spectra (see 

Fig. S3 and S4, and Tables ST2 and ST3). The differences in 

intensities in the original spectra can be retrieved from the main 

differences given by the PCs, as it can be observed in Fig. 8b 

and 8c. Here, we present the main differences in the spectra 

with dotted lines that correspond to S-H bond stretching. Prior 

to the chemical synthesis, there is no peak for this mode, but it 

is present after reaction. In Fig. 8b, we present relative Raman 

intensity for wt fd and fd-cys viruses for the region 2400-2600 

cm-1. The same occurs in Fig. 8c for the case of fd-cys-Au 

nanowire-like structures and negative control.  

 

 

Conclusions 
 

We described a method developed to take advantage of native 

functional groups located in the fd virus structure for decorating 

them with gold nanoparticles. In this method, a bioconjugation 

reaction mediated by carbodiimides was used, where cysteine 

molecules were appropriately bonded to carboxyl or amine 

groups in the virus capsid proteins. fd virus with gold 

nanoparticles at one tip end and gold nanowire-like structures 

were obtained. The resulting structures were observed with 

transmission electron microscopy. This bioconjugation reaction 

on filamentous viruses might be helpful for attaching other 

metal nanoparticles, such as those made up of silver. In 

addition, the nanoparticles might have different morphology 

and size allowing a better hot spot design for Raman signal 

enhancement. These bionanocomposites are used as novel 

virus-based protein carriers functioning as SERS nanoprobes.36 

We also described a procedure to discriminate the different 

synthesized structures using surface enhanced Raman 

spectroscopy in conjunction with the Principal Component 

Analysis statistical procedure. In the present case, the inclusion 

of a statistical method to determine the Raman signatures in 

biomolecules interacting with inorganic materials, during the 

production of bionanocomposites was useful. This procedure 

showed that chemically modified viruses can be differentiated 

providing a fast and promising strategy to characterize the 

different bionanocomposites produced along synthetic 

pathways.  

 

Experimental section 
 

Virus production 

The fd production is based on a method for M13 growth and 

purification.37 fd virus was produced using Escherichia coli 

XL1-Blue strain as the host bacteria. A large batch of bacteria 
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was obtained and infected with fd virus (ATCC 1566-B2). 

After a few hours, bacterial cells were separated using low-

speed centrifugation. Afterwards, the virus was concentrated 

using polyethylene glycol and subsequent ultracentrifugation. A 

pellet was obtained and suspended. This suspension was 

extensively dialyzed against 20mM Tris-HCl buffer at pH = 

8.15. Sodium azide was added to prevent bacterial growth.  

 

Bioconjugation with cysteine 

A 300 mM cysteine solution and a 15 mg/mL fd virus 

suspension were both prepared in a 20 mM sodium phosphate 

buffer at pH = 7.2.  9 mL of the cysteine solution were mixed 

with 1 mL of the fd suspension (final concentration ~ 1.5 

mg/mL). Then, 4 mmol of 1-Ethyl-3-(3-dimethylaminopropyl) 

carbodiimide (EDC) and 2 mmol of N-hydroxysuccinimide 

(NHS) were added, and quickly mixed. The reaction was 

performed at room temperature during 6 h under N2 

atmosphere; suspension pH was maintained between 5 and 5.5. 

The modified virus suspension was extensively dialyzed against 

20 mM Tris-HCl buffer at pH = 8.15. The dialyzed suspension 

were used again for a second bioconjugation round with 

cysteine. In this case, cysteine was first solubilized in a small 

volume of the phosphate buffer, and then added to the virus 

suspension. The previous reaction and purification procedures 

were repeated for a second time. Finally, the modified virus 

was stored in containers under N2 at 5 °C. 

 

Gold NanoParticles (AuNPs) synthesis 

The synthesis of 30 nm AuNPs was achieved using citrate as 

the reducing agent at 100°C following the method of Frens.38 

30 mL of gold hydrochloride (Sigma) solution was prepared 

with ultrapure water and heated up. When this solution started 

to boil, it was vigorously mixed with 30 ml of a preheated 

sodium citrate (Sigma) solution. Sodium citrate and gold 

hydrochloride were prepared at the same concentration. For 5 

nm AuNPs synthesis, 10 mL of gold hydrochloride solution was 

mixed with 10 mL of sodium citrate solution. Then, 1.2 mL of 

50 mM NaBH4 were quickly added and stirred during 20 min at 

room temperature. For both AuNPs synthesis, when the 

suspension color does not change anymore (~ 20 min), the 

suspension at room temperature is dialyzed against sterile 

distilled water. 

 

fd decoration with AuNPs 

1 mmol of NaBH4 was added to the virus suspensions to reduce 

the disulfide bonds present in both the wt fd and the modified 

viruses structures. The mixtures were incubated at 37 – 40 °C 

with gentle agitation during 30 min taking care of the H2 

production in this step; an extraction hood is needed. 

Suspensions were immediately dialyzed against 20 mM Tris-

HCl buffer at pH = 8.15 during 1 h with buffer replacements 

every 10 min; oxygen-free N2 gas was bubbled into the dialysis 

buffer to avoid thiol oxidation. After dialysis, 0.5 ml of the 

suspension was mixed with the same volume of a 5 nm AuNP 

suspension. The samples were incubated at 40 °C in agitation 

during 6h.  

 

Transmission electron microscopy (TEM) 

Diluted suspensions of virus were deposited on carbon-coated 

TEM grids and stained with 2% uranyl acetate. The negatively 

stained samples were observed with a TEM JEM-1200EX11 

(JEOL, Japan) and analyzed with the DigitalMicrograph ™ 2.3 

software. 

 

 
Fig. 7. Three-dimensional plots of the first three largest 

principal components with their percentage contribution to the 

total variance (in parenthesis) obtained from SR (enclosed by a 

dotted line) and SERS (enclosed by a continuous line) for 

different sets of viruses. (a) Comparison among wt fd and fd-

cys viruses. (b) Comparison between gold nanowires-like 

structures and the negative control (-). (c) Comparison between 

nanowire-like structures and viruses with an AuNP at one tip 

end. Total explained variance by the PCs: (a) 83.8 %, (b) 99.1 

%, (c) 99.2 %. 
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Fig. 8. Main spectra differences. (a) PC1 and PC2 values given by PCA vs. the Raman shift for wt fd and fd-cys virus SERS 

spectra. Peaks with arrows correspond to the main differences between both spectra. Main differences for sulfur groups in the 

average SERS spectra between: (b) wt fd and fd-cys virus, and (c) gold nanowires-like structures and the negative control. 

Vertically displaced to help visualization. 

 

Ultraviolet spectrophotometry  

The UV-Vis spectroscopy measurements were performed with 

the DR 5300 UV-Vis spectrophotometer (HACH Company, 

USA). 

 

Raman spectroscopy 

Raman spectra were obtained using a diode-pumped solid state 

laser (532 nm) DXR Raman microscope (Thermo Scientific, 

USA). For SERS measurements, a suspension with 30 nm 

AuNPs was added to the virus samples. The mixtures were 

vigorously shaken, and then kept at room temperature during 

12-24 h. For SR and SERS measurements, 0.5 mL of the 

samples were placed on a CaF2 recipient in the microscope 

holder. A minimum of 15 spectra for each sample were 

collected; each with 15 exposition windows of 10 s.  For the 

analysis of the SR and SERS data we used the PCA method. 

Here, several data matrices were constructed from the raw 

collected Raman spectra. Columns correspond to the measured 

intensity spectra, and rows to the specific Raman shifts. 

Previously, spectra were processed by carrying baseline 

correction, smoothing and normalization to remove noise. 

Sample fluorescence was removed with a filter based on the 

baseline correction with the Asymmetric Least Squares 

Smoothing Algorithm. Finally, PCA was performed using a 

MatLab algorithm. The main information was described with 

the first three principal components. The assignment of 

functional groups to the relevant peaks in the spectra was based 

on standard databases for Raman spectra.39 
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A bioconjugation reaction is used to obtain fd viruses with one gold nanoparticle at the tip and gold nanowire-like 

structures. 

 

 

Page 10 of 10RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t


