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Dear Editor 

I am very pleased to submit the following paper to your attention in order to be considered for 

publication in Food Control. The paper title is: “NMR investigations for a quality assessment of 

Italian PDO saffron (Crocus sativus L.)”. The manuscript deals with the application of NMR 

metabolite determination combined with multivariate statistical methods for the quality evaluation 

of Italian PDO and commercial saffron and for comparison among them. PDO products are very 

expensive in Italy while commercial products are more affordable. This NMR study, highlighted for 

the first time the compositional differences between the two categories of saffron, allowing a 

correct quality valorisation. In particular this study revealed the content of crocins and picrocrocin 

as the dominant compounds in PDO saffron, while commercial products were characterized by 

larger content of fatty acids, notwithstanding different harvest and date of purchase of samples. 
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Abstract  21 

High-resolution NMR spectroscopy was employed to analyze Italian Protected Designation of Origin 22 

(PDO) saffron from L’Aquila, S. Gimignano and Sardinia and commercial saffron samples available on 23 

the Italian market. An extensive resonance assignment of DMSO saffron extract was reported, including 24 

glucose and gentiobiose in bound and unbound form for the first time. A multivariate statistical analysis 25 

of NMR data led to a clustering of samples by performing unsupervised PCA. OPLS-DA model was 26 

successively performed to highlight the markers responsible for this discrimination. An analysis of the 27 

corresponding S-plot indicated that picrocrocin and crocins were the most relevant compounds for 28 

characterizing Italian PDO saffron, thus confirming the higher quality of these products. By contrast, 29 

commercial saffron barely contained these characteristic compounds, and they were primarily enriched 30 

in fatty acids. 31 

 32 
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1. Introduction 42 

Saffron, which is obtained from the dried red stigmas of Crocus sativus L., is the most expensive 43 

spice in the world. It has broad use in the food industry as an additive for coloring and flavoring 44 

foods. It is also employed as a drug in traditional medicine and exhibits anti-tumor activity 45 

(Hosseinzadeh & Nassiri-Asl, 2013; Magesh, Singh, Selvendiran, Ekambaram, & Sakthisekaran, 46 

2006; Ríos, Recio, Giner, & Máñez, 1996; Sun et al., 2013). The typical color, taste, aroma and flavor 47 

of saffron are caused by the following three metabolites: crocins (glycosylated apocarotenoids, 48 

glucose, gentiobiose, neapolitanose or triglucoses are the reported saccharidic moieties) are 49 

responsible for the strong coloring capacity, picrocrocin (the glucosylated monoterpene precursor of 50 

safranal) confers the bitter taste and safranal (a monoterpene aldehyde derived from the chemical or 51 

enzymatic dehydration of picrocrocin during saffron handling, drying and storage) gives rise to its 52 

characteristic odor and aroma (Kanakis, Daferera, Tarantilis, & Polissiou, 2004; Tarantilis, Polissiou, 53 

& Manfait, 1994). 54 

The quality of saffron and its commercial value are determined by specifications described within the 55 

ISO/TS-3632 standard
 
(ISO 3632-1, 2011; ISO 3632-2, 2010) that established the spectrophotometric 56 

quantification of crocins in aqueous saffron extracts for picrocrocin and safranal by taking absorbance 57 

measurements at 440, 257 and 330 nm. Unfortunately, this method presents some disadvantages because 58 

safranal is just barely water soluble and also exhibits adsorption in the 320-340 nm range for cis-crocin 59 

isomers (Kanakis, Daferera, Tarantilis, & Polissiou, 2004; Tarantilis, Tsoupras, & Polissiou, 1995; 60 

Zougagh, Ríos, & Valcárcel, 2006). Saffron quality parameters can also be influenced by different 61 

harvesting conditions, dehydration procedures (under direct sunlight or at room temperature in 62 

ventilated conditions, as in India, Iran and Morocco, at a mild temperature as preferred in Italy and 63 

Greece or at high temperatures as adopted in Spain) (Del Campo et al., 2010a), storage conditions and 64 

blends with other non-colored parts of the plant, generally stalks.  65 

Additional modifications to the saffron quality could be caused by different geographical origins, thus 66 

affecting the aroma and test as well. Saffron is cultivated worldwide, particularly in Morocco, Algeria, 67 
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Egypt, China, India, Iran and Turkey, but also within Europe, where Greece, Spain and Italy are the 68 

primary producers. In particular, Italian saffron from L’Aquila, S. Gimignano and Sardinia have 69 

received the PDO trademark (Reg. CE n° 205 04/02/05 and GUCE L 33 05/03/05 for saffron from L’ 70 

Aquila and S. Gimignano and Reg. CE n°98 02/02/09 and GUCE L 33 03/02/09 for Sardinia saffron), 71 

which indicates the quality, characteristics and properties that are significantly or exclusively 72 

determined by the geographical environment, including natural and human factors. In fact, the PDO 73 

product must be produced, processed and prepared in the designated region, area or country by using 74 

traditional production procedures in accordance to set rules indicated in the PDO disciplinary. Several 75 

works concerning different qualitative aspects of saffron are present in the literature; different analytical 76 

techniques have been applied, primarily UV-Vis spectrophotometry and NIRS, to determine the 77 

characteristic chemical compounds and also to distinguish between the natural or artificial colorants that 78 

are added to saffron (Sánchez, 2008; Zalacain et al., 2005a; Zalacain et al., 2005b). Mass spectrometry 79 

combined with GC (Alonso, Salinas, & Garijo, 1998; D’Auria, Mauriello, & Rana, 2004; Kanakis, 80 

Daferera, Tarantilis, & Polissiou, 2004; Tarantilis & Polissiou, 1997), HPLC (Alonso, Salinas, Garijo, 81 

& Sánchez-Fernández, 2001; Lage, & Cantrell, 2009; Li, Lin, Kwan, & Min, 1999) and LC (Verma & 82 

Middha, 2010) analysis have focused on the identification of volatile molecules, coloring pigments or 83 

taste compounds. Extensive and time-consuming purification procedures were required for the 84 

spectroscopic characterization of crocetin derivatives (Van Calsteren et al., 1997) and glycosidic aroma 85 

precursors (Straubinger, Bau, Eckstein, Fink, & Winterhalter, 1998). The picrocrocin content has been 86 

analyzed by HPLC and FT-NIR (Del Campo et al., 2010b) and by SPE coupled with UV-Vis (Sánchez, 87 

Carmona, Del Campo, & Alonso, 2009). A few papers have reported studies of Italian saffron 88 

(Anastasaki et al., 2010b ; Maggi et al., 2011; Procida, Pagliuca, & Cichelli, 2009; Sánchez, Carmona, 89 

Del Campo, & Alonso, 2009) that were performed with different analytical techniques with the aim of 90 

geographical or quality characterization. Only two studies reported the investigation of Sardinian 91 

saffron as performed by MIR (Anastasaki  et al., 2010a)
 
and by

 
multi-element stable isotope analysis 92 

(Maggi, Carmona, Kelly, Marigheto, & Alonso, 2011). D’Auria et al. (D’Auria, Mauriello, Racioppi, &  93 
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Rana, 2006; D’Auria, Mauriello, & Rana, 2004) investigated the volatile organic components of saffron 94 

from S. Gavino and L’Aquila, evaluating the modifications of aromatic constituents during storage, and 95 

other authors analyzed the effects of mild temperatures on the dehydration of PDO Sardinian saffron 96 

from S. Gavino on the basis of quality parameters (Del Campo, 2010a). Very recently, the influence of 97 

drying conditions on crocins, picrocrocin and safranal contents in saffron from Cascia (central Italy) 98 

have been evaluated by UV-Vis, HR-GC (for safranal) and HPLC-DAD-MS (for crocins and 99 

picrocrocin) (Cossignani, Urbani, Simonetti, Maurizi, Chiesi, & Blasi, 2014). The need for certified 100 

high-quality food products, such as the designation conferred by the PDO, is an increasingly important 101 

requirement for both consumers and producers; the reasons can be traced not only to patriotism but also 102 

primarily to health benefits or specific organoleptic and culinary qualities associated with regional 103 

products, media attention, decreasing confidence in the quality and safety products coming from outside 104 

their local region, country or the EU, and concerns about animal welfare and environmentally friendly 105 

production methods. In recent years, several authors have focused their efforts on tracing the origin of 106 

food products (Luykx & Van Ruth, 2008). There is therefore also a significant interest in developing 107 

accurate analytical methods for saffron quality characterization that could be applied to prevent 108 

adulteration or false labeling with regards to product origins. 109 

Among all the analytical methods used in food characterization, NMR has garnered general acceptance 110 

as a powerful method over the last few years (Consonni & Cagliani, 2008; Monakhova, Kuballa, & 111 

Lachenmeier, 2013) as a quality assessment for a wide range of foods. NMR spectra can be considered 112 

as a type of a fingerprint for a product that carries qualitative and quantitative information on the 113 

composition. Concerning saffron, NMR investigations have been applied only for structural 114 

characterizations of crocetin or crocetin derivatives (Assimiadis, Tarantilis, & Polissiou, 1998; Pfister, 115 

Meyer, Steck, & Pfander, 1996; Straubinger, Bau, Eckstein, Fink, & Winterhalter, 1998; Straubinger, 116 

Jezussek, Waibel, & Winterhalter, 1997a; Van Calsteren et al., 1997). Only recently has NMR been 117 

combined with Principal Component Analysis to discriminate between Iranian saffron and commercial 118 

samples by analyzing methanol extracts (Yilmaz, Nyberg, Mølgaard, Asili, & Jaroszewski, 2010).  119 
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The aim of the present study is to evaluate the ability to discriminate among PDO products from 120 

commercial samples that are available on the Italian market by NMR and chemometric analysis.  121 

2. Material and methods 122 

2.1. Saffron Samples 123 

  Twenty-two saffron samples were investigated by 
1
H NMR in two biological replicates, in 124 

particular, for 9 Italian PDO and 13 commercial saffron samples. Four representative PDO samples 125 

came from L’Aquila (the Abruzzo region, both powder and stigmas), 1 from S. Gimignano (the Tuscany 126 

region, stigmas) and 4 from the Sardinia region (S. Gavino and Turri, stigmas). The commercial 127 

samples (all powder) were directly purchased on the Italian market at different periods; their origin and 128 

harvest years were not reported on the label. All samples were stored in the dark at room temperature 129 

before data acquisition. All details about samples are reported in Table 1. 130 

2.2. Sample preparation  131 

4 mg of saffron was extracted with deuterated dimethylsulfoxide (DMSO-d6, 600 µL), stirred (vortex) 132 

for 3 minutes at room temperature, and after 10 minutes, the mixture was centrifuged at 12100 rcf for 10 133 

minutes. Five hundred microliters of the supernatant was used directly for NMR analysis. Glucose and 134 

gentiobiose standards were purchase from Sigma-Aldrich and dissolved in DMSO-d6 solvent. 135 

2.3. NMR spectral analysis 136 

All 
1
H-NMR spectra have been recorded on a Bruker DMX 500 spectrometer (Bruker Biospin 137 

GmbH Rheinstetten, Karlsruhe, Germany) operating at 11,7 T and equipped with a 5-mm reverse probe 138 

with z-gradient. Monodimensional spectra were recorded at 300 K, with a spectral width of 7500 Hz and 139 

32K data points. Residual water suppression was achieved by applying a presaturation scheme with low 140 

power radiofrequency irradiation for 1.2 s.  141 

All spectra were processed with TOPSPIN software (Bruker BioSpin GmbH, version 1.3, Rheinstetten, 142 

Karlsruhe, Germany); an exponential function with a line broadening of 0.3 Hz was applied before 143 

Fourier transformation and phase and baseline were manually corrected. Spectra were referenced to 144 
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DMSO resonance at 2.50 and 39.5 ppm for 
1
H and 

13
C respectively and 1D 

1
H NMR spectra were 145 

reduced to integrated regions (buckets) of equal width of 0.01 ppm each from 0.4 to 10.4 ppm. Buckets 146 

were normalized to the total integrals after exclusion of residual solvent and water signals, with 147 

ACD/Spec Manager (ACD Labs, version 11, Toronto, Canada). Resonance assignment of saffron was 148 

achieved by two dimensional homo and heteronuclear correlation NMR spectra (TOCSY, HSQC, 149 

HSQC-TOCSY and HMBC). Bidimensional spectra were typically acquired with 15 and 200 ppm over 150 

2048 and 256 data points in proton and carbon dimensions respectively. TOCSY spin lock was set to 80 151 

ms and the direct heteronuclear coupling constant at 145 Hz. Diffusion Ordered Spectroscopy (DOSY) 152 

spectrum was acquired with bipolar pulse longitudinal eddy current delay set to 5 ms. The duration of 153 

the magnetic field pulse gradient () was optimized for each diffusion time () and finally set to 2.2 and 154 

100 ms respectively in order to obtain a residual signal of 1% with the maximum field strength. The 155 

pulse gradient was incremented from 5 up to 95% of the maximum gradient strength in a linear ramp; 156 

spectrum processing was performed with TOPSPIN software. 157 

2.4. Statistical methods 158 

NMR data were imported into SIMCA-P+ 13 (Umetrics, Umea, Sweden) for Principal Component 159 

Analysis (PCA) and Orthogonal Projection to Latent Structure-Discriminant Analysis (OPLS-DA) by 160 

using “mean centering” as a data pretreatment. The OPLS technique, which is an extension of the PLS 161 

regression method, produces a clearer model interpretation by decomposing the systematic variation in 162 

the X block into two parts, that is, the predictive or parallel part, modeling the joint X-Y correlated 163 

variation and the non-predictive or orthogonal part, which is not related to Y and is usually defined as 164 

“structured noise” (Trygg & Wold, 2002). OPLS can be applied for discrimination purposes by 165 

introducing dummy variables. When the dimension of the joint correlated space is one, useful 166 

visualization tools, such as the S-plot
 
(Wiklund et al., 2008) and the line plot

 
(Cloarec et al., 2005), can 167 

be used to highlight the role played by the variables in the model. In this last plot, the variables 168 

(buckets) are colored according to the correlation coefficient p(corr) between the corresponding bucket 169 

and the Y variable (class, in our case the Italian PDO or commercial saffron). Thus, the higher the 170 
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p(corr) value, the more reliable the variables are for discriminating among the samples. T2 and distance 171 

to the model (DModX) tests were applied to verify the presence of outliers. In addition, a permutation 172 

test on the Y block was performed on the corresponding PLS-DA model to overcome randomness safely 173 

or over-fitting in the model. In fact, the permutation plot displays the correlation coefficient between the 174 

original Y variable and the permuted Y variable on the X axis versus the cumulative R
2
 and Q

2
 on the Y 175 

axis. The regression line is then used to evaluate the intercept as a measure of the over-fit.  176 

3. Results and discussion 177 

3.1.  NMR Spectral Analysis 178 

The advantage of NMR spectroscopy is that it provides global information about all the soluble 179 

constituents of a complex matrix with a single experiment without any separation procedure, thus 180 

maintaining the original ratio of the components. The typical 
1
H NMR spectrum of saffron in DMSO 181 

solution (Figure 1A) resulted dominated at low field  by the singlet of the aldehydic proton at 10.05 ppm 182 

of 2,6,6-trimethyl-1-cyclohexene-1-carboxaldehyde moiety, as typically observed for picrocrocin. The 183 

group of broad signals between 6.50 and 7.40 ppm are relative to the conjugated double bonds of 184 

crocins. In particular, the comparison among our data and previously reported data (Assimiadis, 185 

Tarantilis, & Polissiou, 1998; Speranza & Dadà, 1984; Van Calsteren et al., 1997) allowed us to confirm 186 

the presence of the dominant content for trans crocins, which was also explained by the lack of methyl 187 

resonance for cis crocins that typically occurs at 2.00 ppm. Molecular reference structures are depicted 188 

in Scheme 1. 189 

Kaempferol signals were recognized by resonances at 8.05, 6.91, 6.43 and 6.19 ppm, even though 190 

they were present at very low amounts (Figure 1B). In particular, the double signal for the aromatic 191 

protons of kaempferol occurring at 8.05 and at 8.09 ppm suggested the presence of the two most 192 

abundant glycosylated isoforms, which was fully consistent with previously reported data (Carmona et 193 

al., 2007; Straubinger, Jezussek, Waibel, & Winterhalter, 1997b). At high field the 
1
H NMR spectrum is 194 

dominated by very intense singlets from the methyls of picrocrocin at 1.16, 1.18 and 2.10 ppm and of 195 

crocins at 1.97 and 2.00 ppm. Anomeric protons of saccharides bound to crocetin, primarily gentiobiose 196 
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and glucose (Sánchez, 2008), were present in  isomeric form (Sánchez, 2008, Tarantilis, Polissiou, & 197 

Manfait, 1994) and both occurred at 5.42 (the glucose and ring A of gentiobiose) and 4.17 ppm (ring B 198 

of gentiobiose). This finding was confirmed by HMBC correlation (S1 in Supporting Information) and 199 

was consistent with previously reported data (Van Calsteren et al., 1997). Conversely,  glucose bound 200 

to 
 
2,6,6-trimethyl-1-cyclohexene-1-carboxaldehyde moiety (Sánchez, 2008; Tarantilis, Polissiou, & 201 

Manfait, 1994) occurred at 4.29 ppm, as supported by the HMBC correlation (S2 in Supporting 202 

Information). The use of standard compounds allowed us to identify signals for free saccharides, in 203 

particular the  anomeric proton of gentiobiose ring A and glucose overlapped at 4.89 ppm, the  204 

anomeric signals of gentiobiose ring A and the glucose overlapped at 4.25 ppm and the  anomeric 205 

signal of gentiobiose ring B overlapped with the same anomeric proton of gentiobiose when in a bound 206 

state at 4.17 ppm (Figure 1C). In the anomeric region, other two isolated spin systems at 5.18 ppm (91.4 207 

ppm), 3.54 ppm (72.6 ppm) and 3.18 ppm (73.2 ppm), namely U1 and 4.60 (73.88 ppm), 4.38 ppm 208 

(73.88 ppm), 2.88 ppm (73.1 ppm) and 2.50 ppm (74.8 ppm) and U2 were not yet determined. 209 

Concerning the less intense resonances, unsaturated fatty acids were easily recognized by signals 210 

occurring at 5.33 ppm because of their olefinic protons at 2.74 ppm because of their bis-allylic protons 211 

and at 2.01 ppm because of their allylic protons; additional typical signals for the methyl protons of 212 

linoleic and linolenic acids were detected at 0.86 and 0.93 ppm, respectively. We could not exclude the 213 

presence of oleic acid because of the complete overlapping of its spin system with both linolenic and 214 

linoleic acids. Other significant signals for both unsaturated and saturated fatty acids were observed at 215 

approximately 2.26 and 1.50 ppm ( and  methylene protons with respect to carboxyl groups, 216 

respectively) and centered at 1.23 ppm (methylene protons).  217 

The complete assignment of the previously described compounds was consistent with previously 218 

reported data and was confirmed by the use of TOCSY, HSQC, HMBC and HSQC-TOCSY 219 

experiments. An additional potential assignment aid is the possibility of identifying different 220 

compounds by their diffusion coefficient, which is strictly related to molecular size. In Figure 2, the 221 
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DOSY spectrum of a typical PDO saffron sample from L’Aquila reporting the assignment of the 222 

primary components is depicted, showing the diffusion-weighted separation that is effective for the 223 

primary compounds. Because of differences in the MW, smaller molecules were characterized by higher 224 

D values. Crocins and picrocrocin were clearly found to be conjugated to the corresponding saccharidic 225 

moieties, thus confirming the previous assignments.  226 

3.2.  Multivariate statistical analysis 227 

It should be emphasized that the spectral dataset consisted of samples from different harvest years and 228 

different geographical origins. The PCA model was initially explored by considering all analyzed 229 

saffron samples. This model resulted in 5 PCs explaining 98% of the total variance (R
2
X) within the 230 

overall cross-validation coefficient of Q
2
=93.7% (PC1=70.3%; PC2=14.9%). In the corresponding score 231 

plot (data not shown), a clear differentiation between commercial and PDO samples was achieved. To 232 

highlight the variables responsible for sample separation, a classification approach such as OPLS-DA 233 

was performed by considering two classes. This model resulted in one predictive (t1=39.5%) and six 234 

orthogonal (to 1=31.7%) components; the corresponding scatter plot reported in Figure 3 confirmed the 235 

commercial samples as being completely different products from all the Italian PDOs, notwithstanding 236 

the consideration of different periods of storage, harvest years (PDO) or dates of purchase (commercial). 237 

All the Italian PDO saffron was clustered on the positive values of t1, and the commercial ones grouped 238 

to the opposite side of the score plot because affected by negative t1 values. The corresponding line plot 239 

(Figure 4) can be used to visualize both the covariance p and correlation p(corr) between the metabolites 240 

and the modeled class designation. The line plot allows for the identification of possible markers for 241 

sample differentiation in terms of metabolite contents, on the basis of both contribution and reliability. 242 

The positive and negative signals correspond to the metabolites that characterized Italian PDO and 243 

commercial samples, respectively. Interestingly, the line plot showed very few variables (metabolites) 244 

with a low |p(corr)| (<0.3), indicating that almost all the total information derived from the NMR data 245 

presented good reliability for discriminating among samples. A generally higher metabolite content in 246 

Italian PDO saffron with respect to commercial samples was observed. In particular, PDO products 247 
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were characterized by higher levels of picrocrocin and crocins. These results were consistent with 248 

previously reported data
 
(Yilmaz, Nyberg, Mølgaard, Asili, & Jaroszewski, 2010), indicating that the 249 

picrocrocin and glycosyl esters of crocetin (crocins) are the primary characteristic compounds that are 250 

useful for distinguishing authentic Iranian saffron from commercial saffron purchased in different 251 

countries. This finding could suggest that authentic saffron, independent of its geographical origin, 252 

presents a higher amount of picrocrocin and crocins, two of the primary compounds used to establish 253 

the saffron quality, and they are responsible for the bitter taste and coloring capacity. The commercial 254 

saffron generally presented a lower content of typical saffron compounds, which were primarily 255 

characterized by fatty acids. For a deeper evaluation of the role played by the compounds, a stricter 256 

threshold value was chosen for the correlation coefficient (|p(corr)| ≥ 0.8). In this view, only picrocrocin 257 

(buckets from 10.04 up to 10.06 ppm, from 3.92 up to 3.96 ppm, from 2.63 up to 2.66 ppm, from 2.59 258 

up to 2.62 ppm, at 2.23 ppm, from 2.09 up to 2.11 ppm, at 1.76 ppm, from 1.73 up to 1.75 ppm, at 1.43 259 

ppm, at 1.41 ppm, from 1.17 to 1.19 ppm, from 1.15 up to 1.16 ppm and buckets from 4.28 up to 4.31 260 

ppm, at 3.13 ppm, and 2.93 ppm and 2.91 ppm in reference to the corresponding glucosidic moiety) and 261 

fatty acids (buckets from 5.24 to 5.27 ppm, at 2.78 ppm, 2.75 ppm, 2.70 ppm, 2.02 ppm, and 2.04 ppm 262 

and from 0.92 to 0.95 ppm, all of which refer to unsaturated fatty acids) were the most reliable 263 

compounds for discriminating Italian PDO saffron from the commercial saffron.  264 

The OPLS-DA model was validated by performing a permutation test on the corresponding PLS-DA 265 

model. The decreased values of both the Q
2
 and R

2 
parameters (the vertical axis intersection points of 266 

the Q
2
 and R

2
 regression lines were negative and 0.4, respectively) confirmed the statistical validity of 267 

the model.  268 

4. Conclusions 269 

The results of this study highlighted that NMR data can provide a large amount of information 270 

concerning the metabolite content of saffron, and its combination with chemometrics led to very 271 

promising work towards saffron quality characterization. Even if the results are considered preliminary 272 
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because of the limited number of analyzed samples, our results demonstrated that despite the 273 

consideration of different harvest and date of purchase and different storage periods, a very good 274 

discrimination between PDO Italian saffron samples and commercially available saffron from the Italian 275 

market was possible. Italian PDO samples were characterized above all by higher amounts of 276 

picrocrocin and crocins, two of the primary saffron quality components, and the commercial ones were 277 

characterized by fatty acids. Additionally, the solvent employed for this study, namely DMSO, was 278 

helpful for monitoring the lipophilic and hydrophilic metabolites simultaneously, without any derivation 279 

as required by other analytical methods, thus allowing for the detection of fatty acids and soluble 280 

metabolites. The combined use of NMR and chemometrics could also improve the analytical 281 

determination of quality control procedures, representing an important answer to emerging requests for 282 

quality determinations with rapid analysis and the possibility of monitoring different classes of 283 

metabolites simultaneously. More samples will be considered in the future to enforce the obtained 284 

results and to analyze the influence of the storage period and harvest year on the metabolic contents of 285 

saffron. 286 

 287 

 288 

 289 

 290 

 291 
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Figure captions 448 

Figure 1. NMR spectra of DMSO extract of Italian PDO saffron from L’Aquila. (A) One dimensional 449 

proton spectrum with primary assignments reported. (B) Expansion of the aromatic region of TOCSY 450 

spectrum reporting the resonances assignment of kaempferol. (C) Anomeric region of HSQC spectrum 451 

reporting the assignment for bound and unbound saccharides.  452 

Figure 2. DOSY spectrum of PDO saffron from L’Aquila. Single compounds are indicated with boxes 453 

of the same colour connected together. LogD (m
2
/s) are reported in F1 axis. 454 

 455 

Figure 3. OPLS-DA score plot performed by considering all saffron samples analyzed: R
2
X=98.4%, 456 

R
2
Y=98.8% and Q

2
=84.6%. Red dots and black diamonds represent Italian PDO and commercial saffron 457 

samples respectively.  458 

 459 

Figure 4. Line plot of OPLS-DA performed by considering all saffron samples analyzed. Positives and 460 

negatives signals correspond to metabolites that characterized Italian PDO and commercial samples 461 

respectively. The colour scale indicates the correlation coefficient p(corr). The variables (buckets) with 462 

high │p(corr)│ (> 0.8) indicate the most reliable variables/metabolites for discriminating the samples. 463 
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Figure 1C 
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Scheme 1: Structures of crocins, saccharides moieties and picrocrocin under discussion 

 

Crocins 

R1=R2= -D-gentiobiose 

R1=-D-glucose, R2=-D-gentiobiose 

 

Saccharidic moieties: (a) -D-glucosyl; (b) -D-gentiobiosyl. 
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Picrocrocin 
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Table 1 

List of Italian PDO saffron and commercial saffron bought in Italian market. Harvest (for PDO) or date 

of purchase (for commercial) of samples are reported together with the period of storage at the time of 

analysis for each sample. 

 

n° 
sample 

PDO/Comm Harvest/Purchase 
Storage 
(years) 

1 PDO L'Aquila 2005 5 

2 PDO L'Aquila 2005 5 

3 PDO L'Aquila 2005 5 

4 PDO L'Aquila 2012 1 

5 PDO S. Gimignano 2006 4 

6 PDO Sardinia 2010 1 

7 PDO Sardinia 2010 1 

8 PDO Sardinia 2012 1 

9 PDO Sardinia 2012 1 

10 Comm 2006 4 

11 Comm 2006 4 

12 Comm 2006 4 

13 Comm 2006 4 

14 Comm 2006 4 

15 Comm 2010 1 

16 Comm 2010 1 

17 Comm 2011 1 

18 Comm 2011 1 

19 Comm 2011 1 

20 Comm 2012 1 

21 Comm 2012 1 

22 Comm 2012 1 
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HIGHLIGHTS 

 Quality assessment of Italian PDO saffron samples by NMR metabolite analysis 

 Discrimination between Italian PDO and commercial saffron bought in Italian market 

 Identification of unbound glucose and gentiobiose anomeric signals  

 

*Highlights (for review)



Supplementary data  

Figure S1 

Overlay of HSQC (red) and HMBC (blue) expansions of the anomeric and aromatic regions, 

showing the long range heteronuclear correlation between anomeric proton of -gentiobiose and -

glucose at 5.42 ppm and carbonyl C8 of crocins at 168.3 ppm. This carbonyl shows a long range 

correlation with proton H10 of crocins at 7.35 ppm.  

Figure S2 

Overlay of HSQC (red) and HMBC (blue) expansions of the anomeric region, showing the long 

range heteronuclear correlation between anomeric proton of -glucose at 4.29 ppm and carbon C4 

of the picrocrocin moiety at 68.8 ppm. 
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