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Abstract We report on the interaction of vanadate

nanoparticles, produced using the laser ablation in

liquids synthesis, with cysteine in biological mole-

cules. Cysteine is a very important amino acid present

in most proteins, but also because cysteine and the

tripeptide glutathione are the main antioxidant mole-

cules in our body system. Detailed UV–Vis absorption

spectra and dynamic light scattering measurements

were done to investigate the detection of cysteine in

large biological molecules. The intervalence band of

the optical absorption spectra shows capability for

quantitative cysteine sensing in the lM range in

biological macromolecules. Tests included cytoplas-

mic repetitive antigen and flagellar repetitive antigen

proteins of the Trypanosoma cruzi protozoa, as well as

the capsid p24 proteins from Human Immunodefi-

ciency Virus type 1 and type 2. Detailed NMR

measurements for hydrogen, carbon, and vanadium

nuclei show that cysteine in contact with the vanadate

looses hydrogen of the sulphydryl side chain, while the

vanadate is reduced. The subsequent detachment of

two deprotonated molecules to form cystine and the

slow return to the vanadate complete the oxidation–

reduction cycle. Therefore, the vanadate acts as a

charge exchanging catalyst on cysteine to form

cystine. The NMR results also indicate that the

nanoparticles are not formed by the common ortho-

rhombic V2O5 form.

Keywords Cysteine � Glutathione � Protein �
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Introduction

Laser ablation synthesis in solution (LASiS) emerged

in the last years as an alternative method to the
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traditional techniques for nanoparticle accomplish-

ment (Amendola and Meneghetti 2009). Nanoparti-

cles are formed during the abrupt collapse of the

plasma generated by the interaction of a laser pulse

with a target located in a liquid. The nanoparticles can

be obtained in water or solvents without stabilizing

molecules. This is generally called the green synthesis,

once no other byproducts are needed or formed.

Trace elements as vanadium are essential in both

plants and animals. Vanadium changes its oxidation

state very easily, thus leading to the wealth of oxides.

The phase diagram of the vanadium–oxygen system

shows some 20 oxides with many different crystal

structures (Wriedt 1989). On the other hand, the

interpretation of data for vanadium oxides is very

difficult, especially with vanadium in biological

media.

Already Macara et al. (1980) have shown that

hemoglobin can reduce vanadates (Vanadium(V)) to

Vanadium(IV). Their results indicated that glutathione

is responsible for reducing cytoplasmic vanadate,

while no enzymatic catalytic reduction mechanism is

necessary.

Cysteine, Cys, is one of the 20 aminoacids found in

proteins as well as in the tripeptide Glutathione (GSH).

It has a thiol side-chain and is the main representative

of thiols in Biology. Cys and GSH have a pivotal role

in the detoxification of cells of toxic metals (see e.g.,

Quig 1998), as well as in the oxidation of reactive

oxygen species (ROS), and oxidative stress in vivo

mainly translates to GSH/Cys deficiency (see e.g.,

Circu and Aw 2010).

Cys has been detected in many ways, and vanadium

oxides have played a role in this aspect. Teixeira et al.

(2005) demonstrated the viability of the use of a

carbon paste electrode, modified with an oxovanadium

complex, as an amperometric sensor for Cys determi-

nation. Ji et al. (2009) used the same idea, modifying a

carbon paste electrode using a molybdovana-

date(V) for electrochemical Cys sensing. Thiagarajan

et al. (2010) used a similar setup, using multiwalled

carbon nanotubes supported on glassy carbon for

amperometric Cys detection. Zhang et al. (2007)

reported on a visible fluorescence method to detect

cysteine/homocysteine, a technique which could be

used for bioimaging, but failed to detect simple

biomolecules containing Cys, such as GSH. Lim

et al. (2007), as well as Lu and Zu (2007), used a

different approach to detect Cys, using gold

nanoparticles. It is well known that gold nanoparticles

can be functionalized with this amino acid. Madura-

iveeran and Ramaraj (2011) used the shift of the

surface plasmon resonance of silver nanoparticles to

detect Cys, adenosine and NADH.

In this way, recently we reported (Celestino-Santos

et al. 2011) the possibility of detecting Cys selectively

by using optical properties of a suspension of nano-

sized tetragonal V2O5 obtained by LASiS. In this

work, we report on two important aspects of Cys

detection with vanadium oxide nanoparticles: firstly,

the possibility of detecting it quantitatively within

larger biological molecules, and secondly, the exper-

imental description of the oxi-reduction mechanism

which occurs between Cys and the vanadate obtained

by the LASiS process.

Experimental

A Q-switched Quantronix Model 117 Nd:YAG laser,

operating at 1 kHz and delivering 200 ns pulses at

1,064 nm was used in the experiments. The laser beam

was focused with a 50-mm lens on a vanadium target,

Williams Advanced Materials 2N7, producing a

40-lm spot size. The laser fluence was set at

8 9 105 J/m2. The target was placed 2 mm under bi-

distilled water with a pH of 8.25, and the total water

amount was maintained at 2 mL. The irradiation time

was of 5 min. We measured the total amount of

removed vanadium from the target by this process at

0.55 mg, which would amount to a suspension of

5.4 mM vanadium in water. The fresh nanoparticle

suspension had a final pH of 4.0.

The nanoparticle size distribution was measured

using a dynamic light scattering (DLS) equipment,

Nanotrac NP 253 from Microtrac Inc., using

10 9 10 mm2 quartz cuvettes for the suspension.

A transmission electron microscope (TEM), JEOL

JEM 2010 operating at 200 kV, was employed for the

micrographs. Drops of the colloidal suspension were

deposited on copper grids and left to dry in air.

Atomic force microscopy (AFM) imaging was

performed using a Shimadzu SPM-9500J3 microscope

at room temperature. Samples were prepared depos-

iting the suspension on atomically flat mica sheets and

left to dry. Images were taken in dynamic tapping

mode using NANOSENSORSTM SSS-NCHR AFM

tips with a nominal spring constant of 42 N/m and a tip
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radius of curvature of less than 5 nm. The scanning

rate was 1 Hz and the image resolution was

256 9 256 pixels.

The UV–Vis–NIR spectra were obtained on an

Ocean Optics USB 2000 spectrophotometer in the

absorption mode, from 250 to 1,030 nm.

The NMR data were acquired in H2O containing

some D2O, for lock signal, at 298 K on a Bruker

AVANCE 400 NMR spectrometer operating at 9.4

Tesla, observing 1H, 13C, and 51V nuclei at 400.13,

100.61, and 105.25 MHz, respectively, equipped with

a 5-mm multinuclear direct detection probe with z-

gradient. The 1H NMR spectra were acquired with pre-

saturation of the water signal during the relaxation

delay. The 1H, 13C, and 51V NMR spectra were

processed by applying an exponential multiplication

of the FIDs by factors of 0.3, 3.0, and 50 Hz,

respectively, prior to Fourier transform, without

zero-filling. The one-bond 1H–13C NMR correlation

experiments were acquired using the gradient heter-

onuclear single quantum coherence (HSQC) experi-

ment with a evolution delay of 1.1 ms for an average
1J(H,C) of 145 Hz. The 1J(H,C) experiments resulted in

2 K data points and 64 transients in t2 for each 256

increments in t1. The long-range 1H–13C correlation

experiments were recorded using the gradient heter-

onuclear multiple bond correlation (HMBC) experi-

ment, setting the evolution delay to 62.5 ms,

optimized for LRJ(H,C) coupling constants of 8 Hz.

The LRJ(H,C) experiments resulted in 2 K data points

and 128 transients in t2 for each 312 increments in t1.

All NMR chemical shifts are given in ppm (d) related

to tetramethylsilane (TMSP-d4) signal at 0.00 ppm as

internal reference for 1H and 13C and VOCl3 signal at

0.00 ppm (neat, capillary) for 51V.

The aminoacid Cys, C3H7NO2S, Sigma-Aldrich

Corporation 99 %, was first dissolved in bi-distilled

water, 8.2 mM, and added to the yellowish nanopar-

ticle suspension in 20 lL steps.

The tripeptide GSH, C10H17N3O6S, composed by

three aminoacids Cys, glutamic acid, and glicyne

(Sigma-Aldrich Corporation 99 %) was dissolved in

bi-distilled water, 3.3 mM, and added to the yellowish

nanoparticle suspension in 20 lL steps.

Trypanosoma cruzi genes were cloned in lambda

gt11 and screened with an anti-trypomastigote antise-

rum. Two out of 12 clones were selected in view of

their reactivity with human chagasic sera. One clone

encodes a flagellar repetitive antigen (FRA) of more

than 300 kDa, whereas the other corresponds to a

roughly 225-kDa cytoplasmic repetitive antigen

(CRA) (Table 1). The flagellar antigen is present in

both epimastigotes and trypomastigotes forms, but the

cytoplasmic antigen is not found in trypomastigotes.

The CRA clone is entirely composed of at least 23

copies of a 42-bp repeat and the FRA gene contains at

least 14 copies of a 204-bp motif. The FRA gene

hybridizes to RNA of about 10 kb, while the CRA

gene detects a transcript of 5.2 kb (Krieger et al.

1992).

The analyses were carried out also using the p24

capsid proteins of the Human Immunodeficiency

Virus type 1 (HIV-1) and type 2 (HIV-2), whose

aminoacid sequences were retrieved from the National

Center for Biotechnology Information (NCBI) accord-

ing to the access codes ABO61602.1 and ADI44740.1,

respectively (Table 1). The p24 protein of HIV-1/2 is

the most abundant viral protein, since each virus

contains about 1,500–3,000 p24 molecules (Summers

et al. 1992; Tang et al. 2010). During early and late

stages of HIV infection, they are always present at

relatively high levels in the blood, making it a

potential viral marker for diagnosis, blood donor

screening, monitoring disease progression, and eval-

uating antiretroviral therapy (Tang et al. 2010;

Forsters 2003; Ly et al. 2004).

The genetic sequences encoding the HIV-1/2 p24

proteins were optimized, aiming to improve antigen

expression, using the LETO 1.0 software (Entele-

chon�) genetic algorithm. The protein production was

carried out in bacterial system, and the resultant

antigens were purified through a single step of Ni-

NTA affinity chromatography (QIAGEN�), followed

by quantification through densitometry assays.

As can be noted, the HIV-2 p24 molecule contains

twice as many Cys building blocks as HIV-1 p24,

whereas Cys is absent in the CRA and FRA molecules.

Results

Nanoparticle color change

We observed the color of the freshly produced

nanoparticles in water suspension at certain time

intervals both visually and also acquiring the UV–Vis

absorption spectra. The color of the suspension

changes from dark green through blue to yellow in
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several minutes, as shown in the inset of Fig. 1. The

optical absorption spectra are shown in Fig. 2. Several

aspects of these spectra are interesting. The absorption

above 500 nm gradually diminishes with ongoing

oxidation and the suspension gets more transparent. At

the same time the absorption in the blue region

increases, shifting the color of the suspension to

yellow. Several so-called isosbestic (equal absorption

at the same wavelength) points are seen in the figure.

These points indicate that two different oxides with the

same absorption coefficient at this wavelength are

coexisting. Since the isosbestic points evolve with

time, we can clearly see that the oxidation of the

nanoparticles goes from lower to higher vanadium

oxidation states. The necessary oxygen for this process

to occur is present in the distilled water.

Nanoparticle characterization by TEM and AFM

Figure 2 shows a TEM image of the vanadate

nanoparticles and Fig. 3 shows a histogram of the

particle size distribution. Although there are some

larger particles, the mean size is found at 6.3 nm with

a rather large standard deviation of 7.5 nm. Indepen-

dently of size, the nanoparticles appear mostly

spherical.

Fig. 1 UV–Vis spectra showing the oxidation of the nanopar-

ticles at several time intervals. The inset shows the color of the

nanoparticle suspensions

Fig. 2 TEM image of vanadate nanoparticles
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Fig. 3 Histogram corresponding to TEM image in Fig. 2

Fig. 4 AFM scan of vanadate nanoparticles on mica
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Figure 4 shows an AFM image of vanadate nano-

particles which after ablation were further laser milled

in water suspension, where clearly a dominance of

very small particles is observed.

Cysteine and glutathione

The addition of Cys to the yellowish V2O5 nanopar-

ticle suspension shifts the light absorption from the

blue to the UV region and the suspension gets bluish

transparent with a calculated band gap of 2.87 eV

(Celestino-Santos et al. 2011), while pure Cys absorbs

light only in the far UV region. Figure 5 shows the

typical spectra, which demonstrate a strong concen-

tration-dependent optical absorption characteristic in

the 350–480 nm region.

In addition to this color shift, a broad absorption

band appears at longer wavelengths (Fig. 5). This

absorption band, which is known in the literature as

the intervalence band, has an intensity which also

depends on the Cys concentration in the suspension.

This part of the spectra was analyzed in more detail,

using several Cys and GSH additions to the V2O5

nanoparticle suspension. The plot of the optical

absorption at the 720 nm wavelength versus Cys/

GSH concentration is shown in Fig. 6. A linear

relationship of the optical absorption with low Cys/

GSH concentrations can be observed.

Figure 7 shows the DLS nanoparticle size determi-

nations of the raw nanoparticles and of the same added

with Cys or GSH. The addition of Cys leads to a fairly

large monodisperse particle distribution around

60 nm, while the addition of GSH has the effect of

agglomerating some particles around 100 nm, leaving

others with the original distribution around 30 nm.

Protein interaction

The CRA/FRA proteins do not contain Cys in their

structure. We could detect no measurable change in

the optical properties by adding both these proteins to

the V2O5 nanoparticle suspension (data not shown).

On the other hand, when the HIV-1 and HIV-2 p24

proteins, which contain Cys in their structure, are

added to the nanoparticle suspension (Fig. 8) then we

find again the optical absorption of the suspension in

the intervalence band region at 720 nm. A clear

distinction in the absorption due to the interaction of

the two proteins with the vanadium oxide
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Fig. 5 Absorption spectra of the nanoparticle suspension with

increasing Cys addition. The arrows indicate increasing Cys

concentration
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nanoparticles can be observed. The absorption at low

concentrations is also linearly dependent upon con-

centration, but HIV-2 p24, which has twice the

number of Cys molecules in its structure, shows an

enhancement in the angular coefficient. Although the

concentration detection is quantitative, the value of the

angular coefficient could not be used to quantify Cys

blocks in the protein.

Investigation of the cysteine–V2O5 nanoparticle

interaction

The 51V NMR spectra reveal that the aqueous

suspension of the nanoparticles obtained by LASiS

is composed mainly by a decavanadate structure

(V10O28)-6 (V10), such as that from a commercial

V2O5 suspension (Fig. 5), although with an important

additional signal at -560 ppm, which was assigned to

(V2O7)-4 (V2) species (Ramasarma 2003; Crans et al.

2009) It has been known for a long time that the

solvation of V2O5 in water leads to the decavanadate

structure as well as other vanadium species depending

on pH (see e.g., Ramasarma 2003). Figure 9 demon-

strates clearly that the nanoparticles obtained by

LASiS have a different composition from the

commercial.

In relation to the addition of Cys to the aqueous

nanoparticle suspension, the 1H NMR spectra revealed

that the amino acid is readily converted to another very

similar compound. This fact is supported by the

displacement of all NMR chemical shifts of Cys to high

frequencies (Fig. 10). The signals of Cys at 3.03 (dd

14.9 and 4.1 Hz), 3.12 (dd 14.9 and 5.6 Hz) and 4.00 (dd

5.6 and 4.1 Hz) were shifted to 3.18 (dd 14.9 and

8.2 Hz), 3.39 (dd 14.9 and 3.9 Hz) and 4.13 ppm (dd 8.2

and 3.9 Hz), respectively, when added to the nanopar-

ticle suspension obtained by LASiS. Moreover, the

intensity of these new signals is gradually enhanced by

increasing Cys amount in the system (Fig. 6). However,

when an excess of Cys is added to the system, it seems

that the new signals stop increasing and the Cys signals

again emerges in the 1H NMR spectra.

At same time the color of the solution gradually

changes from a light yellow to a light transparent

green-blue, showing that some alteration in the

chemical structure containing vanadium is occurring

during this process. The conversion of Cys into this

new compound is simultaneously accomplished by the

total disappearance of the three signals at -424, -505,

and -525 ppm from V10, as revealed in the 51V NMR

spectra (Fig. 11). No other signals are observed in the
51V NMR spectra, indicating that the V(V) species

were converted to a V(IV) species, since they are not

detected by NMR.
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Fig. 8 Optical absorption at the 720 nm versus HIV1-p24 and

HIV2-p24 concentration in the suspension

Fig. 9 51V NMR spectra

from a commercial V2O5

suspension (top) and those

obtained by the LASiS

process (bottom)
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The one-bond 1H–13C correlation map (data not

shown) from HSQC NMR experiments revealed that

both hydrogen atoms of the new compound at 3.18 and

3.39 ppm are connected to the same carbon at

40.6 ppm, while the signal at 4.20 ppm is connected

to carbon at 56.2 ppm. On the other hand, in the long-

bond 1H–13C correlation map, those hydrogen atoms

at 3.18 and 3.39 ppm show correlation with the carbon

at 56.2 ppm, while those hydrogen atom at 4.20 ppm

show correlation with the carbon at 40.6 ppm. Con-

fronting all NMR data obtained for this new com-

pound with those reported in the literature (Wishart

et al. 1995), it was possible to confirm that the

compound formed is Cystine, an oxidized form of the

amino acid, which is formed by the reaction of two

deprotonated Cys units (Cys–Cys).

As already noted earlier (Celestino-Santos et al.

2011) the suspension regains its yellow color after a

long time. We analyzed this re-colored suspension and

found a clear regeneration of the decavanadate specie,

as can be observed in the 51V NMR spectra (Fig. 11).

The regeneration of decavanadate occurs by air

oxidation, once the appearance of the yellow color

starts from the top to the bottom of the solution inside

the NMR tube. If the sample is kept in nitrogen

atmosphere, no color change back to yellow is

observed, which confirms that regeneration of the

oxide occurs by air oxidation.

Discussion and conclusions

The nanoparticle formation of vanadium oxide by

LASiS, starting with a vanadium target in water, is a

new and easy route with a fairly high production rate

with no byproducts. The nanoparticles are character-

ized by a tetragonal V2O5 structure, as shown earlier

(Celestino-Santos et al. 2011), and their suspension in

water leads to a quite distinct structure as compared to

an orthorhombic V2O5 suspension, as is clearly shown

in Fig. 5 of our NMR investigations. This distinction

also appears in its reactivity with Cys, which is absent

for a commercial V2O5 suspension. The 51V NMR

spectrum of the nanoparticle suspension indicated that

Fig. 10 1H NMR spectra

from pure Cys suspension

(top) and the gradual

enhancement of a cystine

signal from top to bottom
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there is an additional vanadium species when the

nanoparticle obtained by LASiS is solvated in water,

besides V10 species, it was also found to have V2

species (Ramasarma 2003; Crans et al. 2009), prob-

ably due to the tetragonal V2O5 structure.

The interaction of the vanadium oxide nanoparti-

cles with Cys is sensitive and completely selective, as

shown here in five examples. Measuring the absorp-

tion of the intervalence band, the concentration of Cys

and the tripeptide GSH can be clearly determined in

the lM range. Furthermore, these small molecules

seem to lead to the same relationship with Cys units in

the molecules.

Bigger biological molecules, like proteins, also

appear to be measurable with high sensitivity. We note

that the absorption measurements are quantitative, but

unfortunately the quantity of Cys blocks in the protein

cannot be inferred from the data. We think that

geometrical constraints hinder a complete Cys block

quantification. The folding of proteins, together with

the size relationship of molecules versus nanoparti-

cles, are the probable causes of this hindrance.

The chemistry of the interaction of the V2O5

nanoparticles with the amino acid could be followed

with NMR measurements. Our findings show that

there occurs the oxidation of Cys, which looses one

hydrogen atom of the sulphydril side chain, followed

readily by a bonding of two deprotonated molecules in

order to form cystine. The nanoparticles, on the other

hand, gradually reduce their vanadium V content,

depending on Cys concentration, forming vanadium

IV in this reaction. Therefore, it can be concluded that

the reaction to form cystine from Cys is catalyzed by

the vanadium oxide nanoparticles.

The formation of cystine from Cys is a natural

process that occurs reversibly in cells. The same

mechanism applies to GSH (GSH–GSSG). The cys-

teine–cystine reaction is known to proceed faster when

Cys is already deprotonated (thiolated) (Soares Netto

et al. 2007). Cys and GSH are the main antioxidants in

living cells, controlling ROS. Thus, the mechanism

described above for the vanadate/Cys oxi-reduction is

not unexpected. Rather different is the mechanism

which occurs between Cys and noble metal nanopar-

ticles. Here the thiol side chain makes a covalent bond

to the metal surface (Baptista et al. 2008), function-

alizing the nanoparticle.

Additionally, we found out that the nanoparticles

reduced by Cys slowly return to their original structure

by the natural oxidation by oxygen from air. The

yellowish color of the suspension reappears and the

characteristic V10 signals in the 51V NMR spectra

return. This finding is very interesting, once it shows

that the vanadium nanoparticles can be easily regen-

erated by a simple oxidation process and then turn on

in another Cys determination. The cysteine formed in

this reaction was found several days later at the bottom

of the NMR tubule as a whitish deposit. Cysteine is

known to be only slightly water soluble (Pontoni et al.

2000).

Cysteine is a very important aminoacid building

block of proteins. Once the protein folds to its native

Fig. 11 51V NMR spectra

before (top) and after

(middle) Cys addition, and 2

weeks later (bottom)
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state, the bridging between cysteines is essential for

protein geometry retention, since the S=S bond is

responsible for joining adjacent protein segments. The

geometry of a specific protein is fundamental for its

biological function.

The detection of cysteine with V2O5 nanoparticles

could find applications in the detection of folding/

unfolding of proteins. Upon unfolding, the cysteines

would be exposed and detected. This could be a far

easier method than using more expensive detection

techniques like Raman or Fourier Transform Infrared

spectroscopies or NMR.

Since the detection of cysteine with V2O5 nano-

particles is selective, more complex biological sam-

ples like blood serum, albumin, urine, food additives

or vegetals could be tested for cysteine.
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