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A B S T R A C T

An easy and reliable method based on a novel electroanalytical nanostructured sensor has been developed to

perform quantiZcation of vitamin C in commercial and fortiZed cow-milk-based formulae and foods for infants

and young children. The work is motivated by the need of a reliable analytical tool to be applied in quality

control laboratories for the quantitative assessment of vitamin C where its rapid and cost-effective monitoring

is essential.The ad hoc designed sensor, based on disposable Screen-Printed Carbon Electrodes modiZed with Au

nanoparticles decorated Reduced Graphene Oxide [akes, exhibits a LOD of 0.088 mg L−1. The low cost, easy sam-

ple preparation, fast response and high reproducibility (RSD ≈ 8%) of the proposed method highlight its suitabil-

ity for usage in quality control laboratories for determining vitamin C in real complex food matrices, envisaging

the application of the sensing platform in the determination of other compounds relevant in food chemistry and

food manufacturing.

1. Introduction

Vitamin C is one of the most important water soluble vitamins

and it refers to all compounds exhibiting equivalent biological activ-

ity to l-ascorbic acid (AA) including dehydroascorbic acid (DHAA),

the oxidation product of AA, its isomers and esters (Spínola et al.,

2014). Humans are unable to synthetize vitamin C, thus it has to be

supplied by the diet, in particular by fresh fruits and vegetables. For

breast-fed infants, the intake of vitamin C is from human milk and,

hence, it depends on the vitamin C status of the mother. Scurvy has

been observed in sixth months old infants fed by a diet consisting

of cow’s milk with no fruits and vegetables ((EFSA), 2014). Forti-

Zed formulae and fortiZed foods (i.e. fortiZed cow’s milk, fortiZed ce-

real-based foods and supplements) are means to increase vitamins, min-

erals and other nutrients intake in infants and young children with

inadequate or at risk of inadequate status of these nutrients. Food

and formulae for infants, aged from 0 to 1 year, and young children,

from 1 to 3 years, must satisfy nutritional requirements in order to en-

sure a normal growth development and a good health status (Lermo

et al., 2009; Silva et al., 2018). The European Food Safety Au-

thority (EFSA) suggests a vitamin C daily intake of 20 mg

for infants and young children ((EFSA), 2014; EFSA Panel on Di-

etetic Products, 2013). The U.S. National Academy of Science estab-

lishes as adequate intake of vitamin C 40 mg/day and 50 mg/day, for

healthy infants aged between 0 and 6 months and 6 months to 1 year,

respectively (National Academies of Sciences Engineering Medi-

cine, n.d.). Vitamin C can be added to foods as AA, sodium l-ascor-

bate, calcium l-ascorbate, potassium ascorbate and 6-palmitoyl-l-ascor-

bic acid (ascorbyl palmitate) (European commission, 2006; Silva et

al., 2018).

Concerns on the nutritional quality of vitamin C content in foods

arise among both consumers and manufactures considering the possible

vitamin losses during food process and storage. In fact, AA is rapidly

oxidized to DHAA, being such an oxidation process induced by expo-

sure to high temperatures and pH, light, presence of oxygen and other

oxidants or metals. To address this issue, during food manufacturing a

higher amount of vitamin C can be added to prevent its overestimation

in the Znal product, and efZcient control protocols are required to assess

the compliance of vitamin C content to the nutrition label. Therefore,

special emphasis has to be put to the development of a convenient and

reliable analytical method, along with the setup of simple and reliable

sample preparation procedures that take into account the high hetero-

geneity of the food formulae.
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Different methods have been proposed for AA determination (Che-

brolu, Jayaprakasha, Yoo, Jifon, & Patil, 2012; da Silva,

Aguiar-Oliveira, Mazalli, Kamimura, & Maldonado, 2017; Gazdik

et al., 2008; Mazurek & Jamroz, 2015)(). Among these, analysis

based on High Performance Liquid Chromatography (HPLC) coupled to

spectrophotometric detection has the advantage to be a reliable and ro-

bust reference method (Spínola et al., 2014). Enzymatic methods are

also used with commercial test kits for AA levels spectrophotometric de-

termination (Romeu-Nadal et al., 2006). Electrochemical detection

is an attractive alternative approach for the detection of electroactive

species, such as AA, in food matrix, because of the inherent advantages

of simplicity, ease of miniaturization, high sensitivity and relatively low

cost (Kizek, 2008; Bettazzi et al., 2006).

Although AA is an electroactive molecule, easy to be oxidized, and,

therefore, electrochemically detectable, it forms with DHAA an irre-

versible redox couple. To catalyze the electrochemical oxidation of AA,

many modiZed electrodes with an improved selectivity and sensitivity

towards AA determination, have been proposed (Pisoschi et al., 2014;

Falat & Cheng, 1983; Bettazzi et al., 2018).

So far, a number of hybrid nanocomposite materials have been de-

veloped as electrochemical sensors and biosensors for AA determination

(Pisoschi et al., 2014). In particular, Reduced Graphene Oxide (RGO)

is a well-known sp2 hybridized planar carbon nanostructured material

with interesting structural and superior conducting properties (Bonanni

et al., 2012). RGO is considered a robust scaffold for manufacturing

original and highly functional hybrid materials with Au nanoparticles

(NPs) (Tiwari et al., 2015; Ingrosso et al., 2017). Au NPs decorated

RGO sheets provide a very large electrochemically active surface area,

leading to fast heterogeneous electron transfer kinetics and high elec-

trocatalytic activity (Turcheniuk et al., 2015; Tiwari et al., 2015).

Recently, Zhu et al. have proposed a three-dimensional graphene hydro-

gel and Au NPs nanocomposite (3DGH-AuNPs) for simultaneous detec-

tion of AA, dopamine (DA) and uric acid (UA), with a LOD for AA of

28 nM (Zhu et al., 2017). A glassy carbon electrode (GCE) modiZed

with a 3D-networked nanostructure composed of MoS2, RGO and Au

NPs (3D-MoS2/RGO/Au) has been developed for determination of AA

with a LOD of 0.93 μM (Zhao et al., 2019). Ghambari et al have pro-

posed RGO/polypyrrole (PPy)/Zinc Oxide (ZnO)/Au NPs nanocompos-

ite modiZed GCEs for simultaneous determination of AA, epinephrine

(EP) and uric acid (UA), with a linear response of 2–950 μM and LOD

of 0.16 μM (Ghanbari & Hajian, 2017). A one-pot synthesis of Au NPs

onto graphene, by in situ thermal reduction of hydrogen tetra-chloroau-

rate(III) (HAuCl4) onto GO with β - cyclodextrin in alkaline condition,

has been proposed for AA determination, obtaining a LOD of 10 μM and

a linear response of 30–2000 μM (Tian et al., 2012). Au nanoplates

and RGO modiZed GCEs have been fabricated via a simple electrochem-

ical method for the determination of AA with a LOD of 51 μM (Wang et

al., 2014).

Here, a novel electroanalytical approach has been implemented for

highly sensitive determination of vitamin C in complex matrices. Dis-

posable Screen-Printed Carbon Electrodes (SPCEs) have been modiZed

by a hybrid nanocomposite recently developed by the authors’ group,

and formed of RGO [akes surface functionalized by 1-pyrene carboxylic

acid (PCA), and in situ decorated by colloidal Au NPs (; Ingrosso et al.,

2019). This novel nanocomposite has shown a low LOD in the biomole-

cules detection, that has been explained on the basis of a fast heteroge-

neous electron transfer (ET) kinetics and an increase of the electroactive

surface area, along with an overall enhancement of the electrocatalytic

properties towards diverse tested compounds (Ingrosso et al., 2019).

The aim of this work is to demonstrate that the proposed novel

nanostructured electroanalytical platform enables a reliable and

rapid vitamin C monitoring in complex commercial cow-milk-based for-

mulae and food for infants and young children without any time con-

suming pre-treatment of the samples, and with a LOD lower than other

state of art graphene/Au NPs based electrode modiZers, and lower than

that of a routine enzymatic spectrophotometric method. The applicabil-

ity of the sensor platform in determining the total vitamin C content,

given by the total contribution of AA and DHAA, has been also pre-

liminarily assessed by implementing a procedure suited to convert the

electrochemically inert DHAA in the electroactive form AA, by a sample

treatment with tris[2-carboxyethyl]phosphine hydrochloride (TCEP).

2. Materials and methods

2.1. Materials

Commercial RGO (1.6 nm thick [akes) was purchased from

Graphene Supermarket. 1-pyrenecarboxylic acid (PCA, 97%),

n-methyl-2-pyrrolidone (NMP, 99%), tetraoctylammonium bromide

(TOAB, 99%), hydrogen tetrachloroaurate(III) trihydrate (HAuCl4·3H2O,

99.999%), 3,4–dimethylbenzenethiol (DMBT, 98%), sodium borohy-

dride (NaBH4, 99.99%), toluene, methanol, l-ascorbic acid (AA),

tris[2-carboxyethyl]phosphine hydrochloride (TCEP) and di-sodium hy-

drogen phosphate dodecahydrate, were purchased from Sigma (Milano,

Italy). Potassium chloride, potassium dihydrogenphosphate and other

chemicals were acquired from Merck (Milano, Italy).

Water from Milli-Q Water PuriZcation System (Millipore, UK) was

used for the preparation of all aqueous solutions.

The measurements were performed in 100 mM phosphate solutions

(0.064 M Na2HPO4·2H2O and 0.036 M NaH2PO4·H2O) containing

100 mM KCl at different pH (PS-phosphate saline-solution).

Pasteurized, cow’s milk (1.6% fat content) formulae and food for in-

fants from different producers were purchased from local stores.

2.2. Characterization techniques

All electrochemical measurements were performed with a µAUTO-

LAB type III digital potentiostat/galvanostat, controlled by the GPES

4.9004 software (Eco Chemie BV, Utrecht, The Netherlands).

The Screen-Printed Carbon Electrodes (SPCEs), consisting of a car-

bon working electrode (3 mm diameter), a carbon counter and a silver

pseudo-reference electrode, were obtained by Ecobioservices and Re-

searches (EBSR, Firenze, Italy). SPCEs were used as received, without

any preliminary cleaning treatment (Bettazzi et al., 2013; Laschi et

al., 2006). Amperometric measurements were performed in an elec-

trolytic solution of 5 mL, and a magnetic stirrer was used to ensure con-

vective mass transport in the solution during the amperometric experi-

ments.

The enzymatic AA colorimetric kit (cat.n. 10409677035) was ob-

tained from R-Biopharm Italia Srl (Milano, Italy) and used according to

the indications of the manufacturer. A LOD of 0.3 mg L−1 is reported in

the manufacturer’s instruction.

The UV–Vis spectrophotometer EVOLUTION220 (Thermo ScientiZc)

controlled by Thermo Insight software, equipped with the ECOLINE

RE112 thermostatic water-bath, was used for the spectrophotometric

analysis of the samples.

Transmission Electron Microscopy (TEM) images were recorded by

using a Jeol Jem-1011 microscope operating at 100 kV, equipped with

a high-contrast objective lens, a W Zlament as electron source, and

having an ultimate point resolution of 0.34 nm. Images were acquired

by a Quemesa Olympus CCD 11 Mp Camera. Samples were prepared

by dipping a 300-mesh amorphous carbon-coated Cu grid in toluene

solutions of the Au NPs/PCA-RGO hybrid nanocomposites, and leav-

ing the solvent to evaporate. Statistical size analysis of the

2
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NPs average size and size distribution was performed by using the free-

ware ImageJ analysis program.

Field Emission Scanning Electron Microscopy (FE-SEM) was per-

formed by a Zeiss Sigma microscope operating in the range of 0–10 kV,

and equipped with both an in-lens secondary electron detector, and

an INCA Energy Dispersive Spectroscopy (EDS) detector. Samples were

mounted onto stainless-steel sample holders by a double-sided conduc-

tive carbon tape and grounded by silver paste.

Mid-infrared spectra were acquired with a Varian 670-IR spectrom-

eter equipped with a DTGS (deuterated triglycine sulfate) detector. The

spectral resolution used for all experiments was 4 cm−1. For attenuated

total re[ection (ATR) measurements, a one-bounce 2 mm diameter di-

amond microprism was used as the internal re[ection element (IRE).

Films were directly cast onto the internal re[ection element by deposit-

ing the solution onto the upper face of the diamond crystal and allowing

the solvent to evaporate.

2.3. Synthesis of the Au NPs/PCA-RGO hybrid nanocomposite

The hybrid nanocomposite was synthesized as reported in (Ingrosso

et al., 2019). Brie[y, commercial RGO was exfoliated and functional-

ized with PCA, by stirring and sonicating a mixture of PCA and RGO pre-

pared with a 17:1 w/w ratio in NMP. The excess of PCA was removed by

cycles of centrifugation and re-dispersion in methanol, and the puriZed

PCA-RGO complex was re-dispersed in NMP (Ingrosso et al., 2019).

The Au NPs/PCA-RGO hybrid material was obtained by suitably modi-

fying the two-phase colloidal method of Brust et al. (Ingrosso et al.,

2019) . In a typical experiment, 15 mg of the PCA modiZed RGO pow-

der (PCA-RGO) were dissolved in a solution prepared by mixing 1.1872

g of TOAB in 35 mL of toluene, and left to stir 30 min. To this solu-

tion, 0.1770 g of HAuCl4·3H2O dispersed in 15 mL of MilliQ water, were

added and left to stir 30 min. After transfer of the Au precursor from

water to toluene, which is assisted by TOAB, water was removed from

the reaction [ask, and 120 µL of DMBT were added for allowing con-

trolled reduction of Au(III) to Au(I), and left to stir 1 h. Finally, 0.1892

g of NaBH4 in 12 mL of MilliQ water were added, and the growth of the

Au NPs was allowed to proceed overnight. The Au NPs/PCA-RGO dis-

persions were then puriZed with methanol by cycles of centrifugation to

remove the excess of DMBT. Finally, homonucleated Au NPs were sepa-

rated from the Au NPs/PCA-RGO hybrid [akes, by means of a precipita-

tion procedure (Ingrosso et al., 2019).

2.4. Electrochemical measurements

Cyclic voltammetry (CV) experiments were performed by exposing

the SPCEs, modiZed by drop-casting 1 µL of the Au NPs/PCA-RGO dis-

persion, to 70 μL of the AA solution (1 mM AA in PS solution at different

pH), and by cycling the potential linearly, in the range −0.10 - +0.7 V

vs. Ag/AgCl, with a scan rate of 50 mV s−1. Hydrodynamic voltammetry

measurements were performed in 5 mL of treated skimmed-milk sample,

spiked with 500 μM AA, at pH 3.5, by applying a Zxed potential in the

range of 0 - +0.4 V vs. Ag/AgCl, under stirring. Amperometric measure-

ments were performed by applying a Zxed potential of +0.1 V in 5 mL

of PS solution (pH 3.5) or by applying a Zxed potential of +0.3 V in

treated milk samples (pH 3.5). The calibration curve was performed un-

der stirring conditions, by adding AA at different concentrations. All po-

tentials were referred to the screen-printed silver pseudo-reference elec-

trode and the experiments were carried out at room temperature.

AA stock solution was prepared fresh in amber vial at the begin-

ning of each experimental session and stored in an ice-bath-equipment

(closed with a cap to avoid light) between measurements.

2.5. Sample preparation

Commercial milk formulae and food by different producers were pur-

chased from local stores. The calibration curve in matrix was performed

by using a commercial, pasteurized and skimmed cow’s milk.

Aliquots of pasteurized cow’s milk (1.6% fat content) and liquid

commercial milk formulae were treated by addition of 500 μL of 10 M

HCl to 50 mL of sample, in order to achieve protein precipitation

(de-proteinization). The resulting pH of the sample is around 3.5. Mix-

tures were then centrifuged at 8000 g for 10 min; the obtained liquid

phase was thus collected and analyzed. Solid samples were dispersed in

50 mL of PS solution at pH 3.5 and centrifuged. The liquid phase was

collected and analyzed. The use of HCl allows the achievement of a con-

stant value of chloride ion concentration useful for electrochemical mea-

surements.

Spectrophotometric measurements of the samples were performed

following the manufacturer instruction.

When TCEP is used, 5 mL of a milk sample, with a declared amount

of vitamin C of 10 mg/100 mL, were added by TCEP to a Znal concen-

tration of 500 μM, and the TCEP reduction reaction was allowed to pro-

ceed for 1 h. Then, the milk sample was added by 50 μL of 10 M HCl

solution for de-proteinization, and successively centrifuged for 10 min.

2.6. Calibration plot and statistical analysis of samples

The calibration plot was Ztted to a linear model function

(y = ax + b) by weighted linear least-squares method, by using Origin

Pro 2019b software (Origin Lab Corporation, USA) and w = 1/σi
2 as

weight.

The limit of detection (LOD) was calculated according to the equa-

tion:

where sy/x is the residual standard deviation and S is the slope of the

calibration plot (calibration sensitivity) (Brunetti & Desimoni, 2014).

The following equation was used for the limit of quantiZcation (LOQ)

evaluation:

The content of AA in real samples was evaluated by the standard ad-

dition method (sample + three additions). All the reported results are

mean values obtained analyzing three individual portions of the same

sample. The results obtained with the proposed procedure and by using

the Au NPs/PCA-RGO modiZed SPCEs (AuNPs/RGO/SPCEs) were com-

pared with those obtained by the routine enzymatic spectrophotometric

method, by analyzing samples at variable analyte concentration and at

different composition. A linear regression analysis was performed by us-

ing the “errors-in-variables regression methods”, that is by considering

errors in both variables (X,Y) and by using the routine method results

(spectrophotometric) as standard (X).

To test for bias, i.e. the equivalence of the compared methods, the

95%-conZdence intervals of the estimators from the linear equations,

y = ax + b, obtained after the orthogonal regression, were used to test

whether the optimal estimators of a = 1 and b = 0 are included in the

spanned conZdence intervals. The software Origin Pro 2019b, linear Zt

with X error, following the York computation method was used, correla-

tion between X and Y errors = 0. Pearson correlation at the 5% level of

significance (95% conZdence level) was also evaluated. Results are re-

ported at Zrst significant Zgure of their uncertainty.
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3. Results and discussion

Disposable Screen Printed Electrodes (SPCEs) have been modiZed by

a recently developed novel hybrid nanocomposite, based on RGO [akes

surface functionalized by 1-pyrenecarboxyl acid (PCA) and decorated by

colloidal Au NPs (Au NPs/PCA-RGO), in situ synthesized onto the oxy-

gen based functionalities of the PCA-RGO complex (Goncalves et al.,

2009). The short aromatic thiol 3,4–dimethylbenzenethiol (DMBT) re-

duces the HAuCl4·3H2O precursor to Au(I), which then goes to Au(0)

by NaBH4 addition, and it functions as capping ligand, controlling NPs

morphology and size dispersion (Ingrosso et al., 2019). In addition, it

further promotes NPs anchoring onto the [akes by π-π interactions and

enables NPs/RGO electronic coupling, Znally providing the hybrid struc-

ture with a high conductivity (Ingrosso et al., 2019).

The Au NPs/PCA-RGO hybrid nanocomposite presents the morphol-

ogy observed in the TEM image of Fig. S1A that shows RGO [akes

densely coated by spherical high contrast nanostructures reasonably as-

cribed to the Au NPs.

The coordination of the DMBT thiol to the surface of the Au NPs,

assessed by the Attenuated total re[ection Fourier-transform infrared

(ATR-FTIR) spectra of Fig. S1B, explains the dispersibility of the hybrid

nanocomposite in organic solvents, and grants its processability from so-

lution, hence resulting effective for further investigation and Znal inte-

gration in devices for applications (Chiara Ingrosso et al., 2019).

The SEM image of Fig. 1A shows the typical surface morphology

of the Au NPs/PCA-RGO hybrid nanocomposite deposited by drop-cast-

ing onto SPCEs. As it can be noticed, it resembles that of the Au NPs/

PCA-RGO hybrid sample deposited onto silicon (Fig. S1C), showing

corrugations, bright contrast wrinkles and folded edges typical of the

PCA-RGO sheets (Ingrosso et al., 2019), along with bright contrast

nanostructures compatible with the Au NPs.

3.1. Electrochemical investigation of AA

The electrochemical performance of the Au NPs/PCA-RGO modiZed

SPCEs (AuNPs/RGO/SPCEs) has been investigated by collecting CVs in

0.1 M PS solution (pH 3.5) in absence and in presence of AA. The CV

responses of (a) bare and (b) AuNPs/RGO/SPCEs towards the detection

of 1 mM AA in 0.1 M PS (pH 3.5) at a scan rate of 50 mV s−1, have

been collected keeping constant the geometrical area of the working

electrode (7 mm2) (Fig. 1B). The peak observed at both the electrodes

is assigned to the electrochemical oxidation of AA to dehydroascor-

bic acid (DHAA). The AuNPs/RGO/SPCEs exhibit a higher peak cur-

rent and a potential negatively shifted of ≅ 120 mV (Eap = 244 mV)

with respect to the bare SPCEs (Fig. 1C). During the reverse scan,

no cathodic peak is observed for AA, pointing out the expected irre-

versibility of this oxidation process. The AuNPs/RGO/SPCE clearly fa-

vors the AA oxidation, as evident from the decrease of the overpoten-

tial, when compared to the bare SPCE. This advantage could be due to

an electrocatalytic effect of the composite material and a thin-layer ef-

fect brought by the porous layer of RGO (Compton & Banks, 2010).

The effect of the scan rate (10–100 mV s−1) has been investigated to-

wards the oxidation of AA, as shown in Fig. 1C. Increasing the scan

rates (from 10 to 100 mV s−1), the oxidation peak potential has been

found to shift towards more anodic values, indicating the kinetic lim-

itation of the electron transfer reaction. The proportional linear rela-

tionship of the logarithm of the scan rate (log ν) vs. the anodic peak

potential (Eap) with a slope greater than 30 mV per decade, reported

in Fig. 1D, conZrms the irreversibility of the redox process (Nichol-

son & Shain, 1964; Klingler & Kochi, 1980). Fig. 1D shows also

the linear relationship between the square root of the scan rate and the

peak current (Iap) of AA. The peak currents can be Ztted by linear re

Fig. 1. A) SEM image of Au NPs/RGO/SPCEs (42.93 KX). B) CVs recorded at the AuNPs/RGO/SPCEs and bare SPCEs in 100 mM PS at pH 3.5, as neat and added by 1 mM AA, in the

−0.10 – +0.70 V potential range and scan rate of 50 mV s−1. C) CVs recorded from −0.10 to + 0.70 V, at different scan rate, in 100 mM PS at pH 3.5. D) Plot of iap of B vs. ν1/2 and plot

of Eap of AA vs. log ν.
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gression with a correlation coefZcient of 0.998, which suggests a diffu-

sion-controlled electron transfer process.

The oxidation at different pH has been also studied by CV experi-

ments over the potential range from −0.1 V to +0.8 V (Fig. S2). In the

3.5 to 6 pH range the oxidation peak potential moves to lower values

at increasing solution pH. It is known that at a pH lower than the Zrst

pKa of AA (approximately 4.5), two protons interchange globally dur-

ing the process (Rueda et al., 1978). At pH values higher than the

pKa, a single proton interchanges, with ascorbate anion as electroactive

species. These considerations are consistent with the dependence of the

peak potential on the pH. A higher oxidation peak current is observed at

pH 3.5, while increasing the solution pH the peak current gradually de-

creases and the peak potential shifts towards more negative values. Fur-

thermore, AA is stable in acidic media. Hence, the pH 3.5 has been cho-

sen thereon as optimum condition for further characterizing the AuNPs/

RGO/SPCEs in the electrooxidation of AA.

3.2. Calibration procedure

Calibration curve of AA in 0.1 M PS (pH 3.5) has been obtained for

both the bare and modiZed SPCEs. Amperometric measurements of AA

at the constant applied potential of +0.10 V, in a magnetically stirred

solution at pH 3.5, have been carried out, and the current response is

extremely rapid, achieving steady-state current in less than 5 s (inset in

Fig. 2A). Preliminary experiments (Fig. S3) have demonstrated that at

this potential the current at the hybrid modiZed SPCE is almost 100-fold

higher than at the bare SPCE. The current response obtained measuring

AA standard solutions (Fig. 2B), shows a linear relationship over the

investigated concentration range (y = (2.25 ± 0.07)x + 1.48 ± 0.38),

with a correlation coefZcient of r2 = 0.990. From the analysis of the

data obtained from the calibration curve, the estimated LOD of AA is

0.5 μM (0.088 mg L−1) and the LOQ is 1.5 μM for the AuNPs/RGO/

SPCE. As expected, both the LOD and the LOQ obtained at the bare elec-

trode are higher than those at the AuNPs/RGO/SPCE (Fig. 2).

Remarkably, the LOD value estimated by using the proposed nanos-

tructured platforms (0.5 μM) has been found lower than other LOD val-

ues recently reported for systems based on graphene/AuNPs nanocom-

posites modiZed electrodes, including 3D-MoS2/RGO/Au

Fig. 2. (A) Calibration plot of AA in 100 mM PS (pH 3.5) at AuNPs/RGO/SPCEs (■) and

bare SPCEs (▴). The error bars correspond to the standard deviation (n = 3). Constant ap-

plied potential of + 0.10 V vs. Ag/AgCl. (B) Amperometric response upon AA addition at

the AuNPs/RGO/SPCEs.

(Zhao et al., 2019), Au NP/RGO (Tian et al., 2012), and others sys-

tems (Table S1).

3.3. Analysis of AA in commercial infant foods and formulae

In the analysis of real samples, the analytical parameters of the

method, including LOD, LOQ, and precision are expected to be af-

fected by the presence of matrix components, possibly causing inac-

curacy in the results. Therefore, a calibration curve has been built by

spiking cow’s milk samples with a known amount of AA. To this end,

known volumes of HCl have been added to weighted amounts of low-fat,

cow’s milk samples that have been then centrifuged and decanted. The

achieved liquid phase has been collected and analyzed, and the results

have been reported as mean values obtained analyzing three distinct

aliquots of the same sample.

At Zrst, an amperometric hydrodynamic voltammetry of AA, in the

range of −0.1 V – +0.4 V, has been carried out in order to evaluate

the effect of the applied potential on the oxidation of 500 μM of AA,

in milk samples (pH 3.5), and to identify the most suited working po-

tential. A comparison of the current values obtained for the modiZed

and bare SPCEs, respectively, shows that the currents recorded at the

AuNPs/RGO/SPCEs are higher than those of unmodiZed SPCEs over the

whole investigated potential range. At +0.3 V the current is ca. two or-

ders of magnitude higher than those obtained at the bare SPCEs (Fig. 3

A). This enhanced response can be explained considering the increased

active area of the AuNPs/RGO/SPCE nanostructured surface, due to the

Au NPs nano-spacer behavior between the PCA–RGO sheets (Fig. 3C),

and the higher electroactivity of the AuNPs/PCA-RGO hybrid. Thus, the

AuNPs/RGO/SPCEs have then been proved efZcient sensors for accom-

plishing a sensitive electrochemical determination of AA in complex ma-

trix samples. In order to maximize the current response, a working po-

tential of +0.3 V has been selected for the following experiments in real

samples.

From the analysis of the data obtained from the calibration curve in

milk samples, the estimated LOD of AA was 17 μM and 57 μM the LOQ

(Fig. 3B).

The precision has been evaluated by repeating the measure of the

current by using the AuNPs/PCA-RGO/SPCE electrode for each mea-

surement (i.e. under repeatability condition). Concentration levels of

50 μM (70 ± 6nA) and 500 μM (600 ± 50nA) have been tested with

%RSD of 8.6 and 8.3%, respectively (n = 5).

The large range of linearity (50–500 μM), and the estimated LOD

and LOQ, well below the concentration of vitamin C generally found in

commercial food products, demonstrate that the proposed AuNPs/RGO/

SPCE sensors are definitely suitable for the investigation of AA in real

food samples.

The electrochemical analysis of infant formulae and fortiZed

milk-based food is challenged by the presence of many other vitamins,

minerals and nutrients, some of them with redox properties. In particu-

lar, vitamins, both lipid soluble vitamins (A, D, E, and K) and water solu-

ble vitamins (i.e. B vitamins), are generally present in formulae and food

for infant and young children (Liu et al., 2016; Llorent-Martínez et

al., 2006; Brunetti & Desimoni, 2014; Puangjan et al., 2017),

therefore, their possible in[uence on the determination needs to be as-

sessed. For this purpose, a vitamin mix formed of 3.8 µM vitamin B1

(thiamine), 4.5 µM vitamin B2 (ribo[avin), 7.0 µM of vitamin B6 (pyri-

doxine), 100 µM of vitamin B8 (biotin) and 500 µM of vitamin B9 (folic

acid), has been used as matrix for the amperometric measurements of

AA at the AuNPs/RGO/SPCE, at the potential of +0.3 V. The results

show that such a mix has only a slight effect on the AA determination

(Fig. 4A).

Among the different nutrients, Fe(II) is generally added along with

AA in infant formulae, since its absorption is facilitated by AA.
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Fig. 3. A) Amperometric hydrodynamic voltammetry of 500 μM of AA in treated milk samples (pH 3.5), in the range 0 V – +0.4 V at AuNPs/RGO/SPCEs (■) and bare SPCEs (▴). B)

Calibration plot of AA in treated milk samples at AuNPs/RGO/SPCEs (■) and bare SPCEs (▴). The error bars correspond to the standard deviation (n = 3). Constant applied potential

of + 0.30 V vs. Ag/AgCl. C) Sketch of the AuNPs/RGO/SPCEs modiZed nanostructured platform and its application for AA determination in milk. (The schemes do not show properly the

proportions of the reported structures).

Fig. 4. A) Plot reporting the amperometric response at the AuNPs/RGO/SPCEs to the vitamin mix (3.8 µM vitamin B1, 4.5 µM vitamin B2, 7.0 µM vitamin B6, 100 µM vitamin B8, and

500 µM of vitamin B9), AA (600 µM) and Fe(II) (200 µM) compared to the mixture formed of vitamin mix, AA and Fe (II). B) Regression graph exhibiting the correlation of the two

analytical methods with related conZdence interval (95% conZdence level).

The tested concentration of Fe(II) (200 µM) causes a negligible current

signal in comparison to the oxidation current of AA.

It is worthwhile to point out that uric acid, also present may re-

sult an interferent in AA detection (Chen et al., 2002). However, CV

recorded from a PS solution containing 0.1 mM uric acid by using the

hybrid modiZed electrode (Fig. S4 of Supporting Information) points

out that its oxidation peak is at +538 mV, a potential value higher than

that of AA oxidation peak. The combination of such features, as the dif-

ferent oxidation potentials of the two compounds, the concentration of

uric acid in infant formulae much lower than that of AA, and the use of

the standard addition method to determine AA, generally able to miti-

gate interferent and matrix effects, all together, significantly reduces the

interfering effect of uric acid in the proposed AA detection system.

3.4. Analysis of real samples

To assess the performance, and validate the proposed nanostructured

sensing platform, a selected set of samples has been analyzed, and the

results have been compared to those obtained by using a commercially

available enzymatic kit, routinely used for spectrophotometric detec-

tion in quality control laboratories (Danielczuk et al., 2004). All the

following experiments have been performed by the standard addition

method, and the results have been reported as mean values obtained an-

alyzing three single aliquots of the same sample.

In Fig. 4B the analysis of the regression function of the results,

obtained in the two sets of experiments, is reported. The conZdence

6
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intervals include the optimal estimators for the slope and the intercept,

which are one and zero, respectively, showing good agreement between

the methods. The calculated Pearson correlation at the 5% level of sig-

nificance is found to be r = 0.956 (n = 12), thus, conZrming a good

agreement. For each sample, the comparison between the two methods

has been performed on the same day. A fresh AuNPs/RGO/SPCE has

been used per sample.

The outlier point, observed out of the interval conZdence (Fig. 4B),

which highlights a significant discrepancy between the two methods can

be explained considering that for the corresponding sample, the matrix

is also formed of solid fruit and cereals, hence significantly different

from the matrix of the other samples. Therefore, such a sample can be

reasonably assumed to contain a different set of interfering compounds.

Further experiments are thus needed to adapt sample treatment proce-

dures to such a class of matrix.

Here, only the AA content has been taken into account and deter-

mined in each investigated food product, since in these types of prod-

ucts, vitamin C is typically added as sodium ascorbate. Nevertheless, in

certain cases the determination of the content of DHAA, that is the AA

oxidation product, can be relevant. Indeed, the sum of AA and DHAA

amount in food has been proposed to be used as index of the health-re-

lated quality of food (Nováková et al., 2008), thus greatly increas-

ing the interest in the simultaneous determination of AA and DHAA in

food products (Nováková et al., 2008; Mazurek & Jamroz, 2015;

Spínola et al., 2014). However, as another major limitation of the

electrochemical measurement can be seen in the fact that, in princi-

ple, DHAA cannot be directly determined. In HPLC analysis, tris[2-car-
boxyethyl]phosphine hydrochloride (TCEP) has been proposed as reduc-

ing agent to convert DHAA in AA in acidic conditions (Lykkesfeldt,

2000). Therefore, the electrochemical evaluation of the DHAA content

in a milk sample, via its chemical reduction to AA by using TCEP, has

been assessed.

Table 1 reports the vitamin C content detected from two aliquots

(5 mL each) of milk samples, one of them added by TCEP, and then

treated according to the procedure described in the Experimental sec-

tion. The same table reports also the vitamin C content, detected on

other two aliquots, 10 days aged, of the same milk samples, one of them

treated with TCEP.

As it can be noticed from the values reported in Table 1, the

TCEP-based procedure results in a promising protocol for the electro-

chemical determination of the total vitamin C content (AA + DHAA) in

food samples, as well as to evaluate, by difference, the DHAA content.

Further research will be able to identify the most suited experimental

conditions to establish the analytical procedure for total vitamin C con-

tent determination on real samples.

4. Conclusions

Commercial foods and formulae for infants and young children are

typically added by vitamin C, for granting the daily nutritional la-

beled intake and reduce the risk of scurvy. Thus, level monitoring

of such a vitamin during food production and storage is a crucial

concern among manufactures and consumers, and it requires the use

Table 1
Detected vitamin C content of milk samples, as bare and treated with TCEP, before and

after 10 days of ageing.

Sample Vitamin C content (mg/100 mL)

Bare milk sample 14 ± 1

TCEP added milk sample 16 ± 1

Aged bare milk sample 6.0 ± 0.8

TCEP added aged milk sample 17 ± 2

of rapid screening methods for checking the vitamin C nutritional qual-

ity content.

Here, a novel nanostructured platform based on RGO [akes, surface

decorated by colloidal Au NPs, has been tested and validated, as a direct

and rapid (around 10 min considering the sample treatment) analytical

method for quantifying vitamin C, by amperometry, in various fortiZed

milk samples and infant formulae.

The novel nanostructured sensor platform exhibits a LOD lower

than other graphene/Au NPs electrode modiZers reported in literature,

and lower than that of a routine enzymatic-based spectrophotomet-

ric method. In particular, it shows a good linear response over the

50–500 μM concentration range with a LOD of 17 μM and a LOQ of

57 μM, with a %RSD of 8% (n = 5), when analyzing cow’s milk sam-

ples. Some crucial advantages, such as low cost, easy sample prepara-

tion, fast response and reproducibility, as well as disposability of the

sensor after usage, encourage its use in quality control laboratories, as

alternative to routine enzymatic-based spectrophotometric methods for

determining vitamin C in complex food matrices. The developed method

is suited for the vitamin C determination in foods in which it is naturally

present, especially in fruits and vegetables, and in the foods in which it

is used as a nutritional food additive, stabilizer and as an antioxidant.

Finally, application of the proposed method can be envisaged in the

determination of other species, and hence, it can Znd diverse applica-

tions in food chemistry and food manufacturer procedures.
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