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Abstract 28 

In this work, a method is proposed for the simultaneous analysis of several pristine 29 

fullerenes (C60, C70, C76, C78, and C84) and three C60-fullerene derivatives (N-methyl 30 

fulleropyrrolidine, [6,6]-Phenyl C61 butyric acid methyl ester and  [6,6]-Phenyl 31 

C61 butyric acid buthyl ester) in environmental samples. The method involves the use of 32 

ultrahigh performance liquid chromatography coupled to atmospheric pressure 33 

photoionization mass spectrometry (UHPLC-APPI-MS) and allowed the 34 

chromatographic separation in less than 4.5 minutes. The product ions from tandem 35 

mass spectrometry studies of fullerene derivatives, were characterized and the most 36 

abundant one (m/z 720), corresponding to [C60]
-•
, was selected for quantitation. Selected 37 

reaction monitoring (SRM at 0.7 m/z FWHM) by acquiring two transitions using both 38 

isotopic cluster ions [M]
-•
 and [M+1]

-•
 as precursor ions was proposed for quantitation 39 

and confirmation purposes. For pristine fullerenes, highly-selective selected ion 40 

monitoring (H-SIM) acquisition mode by monitoring the isotopic cluster ions [M]
-•
 and 41 

[M+1]
-•
 was used. Pressurized solvent extraction conditions were optimized in order to 42 

improve recoveries of the studied fullerene compounds from sediment samples. Values 43 

up to 87-92% for C60-fullerene derivatives and lower but still acceptable, 70-80%, for 44 

pristine fullerenes were obtained. Method limits of quantitation (MLOQs) ranging from 45 

1.5 pg L
-1

to 5.5 ng L
-1 

in water samples and from 0.1 ng Kg
-1

 to 523 ng Kg
-1

 in 46 

sediments were obtained with good precision (relative standard deviations always lower 47 

than 13%). The applicability of the developed method was evaluated by analyzing 48 

several environmental samples such as sediments and pond water and the detected 49 

levels for C60-fullerene derivatives were of 0.1-2.7 ng Kg
-1

and 1.5-8.5 pg L
-1

, 50 

respectively. C60 and C70 were the only pristine fullerenes detected in the analyzed 51 

samples (0.1-7.2 ng Kg
-1

 in sediments and 9-330 pg L
-1 

in water pond samples). 52 
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1. Introduction 65 

Since their discovery [1], fullerenes have gained a prime role on the scientific 66 

scene because of their exceptional properties and versatility. Fullerenes are used in a 67 

wide range of applications such as in optical and electronic devices (polymer additives, 68 

solar cells, photovoltaic and electro-optical devices) [2], in commercial cosmetic 69 

products [3], as well as in biomedicine (antiviral, anticancer, and antioxidant agents, in 70 

drug delivery systems, or as gene carriers) [4]. Nevertheless, nowadays surface-71 

functionalized fullerenes are produced in larger quantities than empty fullerenes in an 72 

attempt to create more biologically compatible forms [5,6]. The most common 73 

modification of fullerenes consist of the addition of esters of the butyric acid as in [6,6]-74 

Phenyl C61 butyric acid methyl ester (PCBM) and [6,6]-Phenyl C61 butyric acid butyl 75 

ester (PCBB) and also the addition of azomethineylide groups to form N-76 

methylfulleropyrrolidines. N-methyl fulleropyrrolidine (C60-pyrr) is being used as an 77 

intermediate for the synthesis of other fullerene compounds with medical and biological 78 

applications [7] and PCBM and PCBB are commonly used as electron acceptors in solar 79 

cells [8,9]. Pristine fullerenes, mostly C60 and C70, are used in cosmetic products due to 80 

their antioxidant behavior [10] as well as in organic photovoltaic cells [11]. The 81 

industrial scale production (currently exceeding several tones/year) and extensive use of 82 

fullerenes and fullerene derivatives  would increase human and environmental exposure 83 

although it has been reported that they also occur in a variety of natural materials [13]. 84 

The potential toxicity of fullerene compounds is an intensely debated issue. Several 85 

reports showed that pristine fullerenes are non-toxic and that they have a wide spectrum 86 

of positive and unique biological activity while other works are suggesting the 87 

possibility of some adversary effects [3,14]. 88 

Nowadays, these compounds are being considered emerging contaminants 89 

hence, sensitive and reliable methods for their analysis in environmental samples are 90 

needed. Chromatographic separation of fullerenes has been studied since the 1990s 91 

[15,16] but their detection in environmental samples occurred only recently [17-20]. 92 

This partly due to the lack of methodology for the detection and characterization of 93 

fullerene compounds, especially functionalized fullerenes, in complex matrices, i.e. 94 

water, soil, etc. Among the analytical methods reported in the literature for fullerene 95 

determination in environmental samples , liquid chromatography-mass spectrometry 96 

(LC-MS) is the method of choice for the quantification of low concentrations of 97 

fullerenes, and the use of MS analyzers of both low [21] and high resolution [22,23], 98 



4 
 

has been described. Regarding ionization sources, electrospray ionization (ESI) and 99 

atmospheric pressure chemical ionization (APCI) are the most frequently used [21,24-100 

27] although lately, atmospheric pressure photoionization (APPI) has been proposed for 101 

the analysis of fullerenes in water samples [27-29]. Most of the reported studies focus 102 

on the analysis of pristine fullerenes, especially C60 and C70 [18,21,22,28-30] and only 103 

few studies describe analytical methodologies for some functionalized fullerenes 104 

[21,23,31]. Most of the works dealing with the analysis of environmental samples are 105 

devoted to the determination of pristine fullerenes, especially C60 and C70 in industrial 106 

effluents and surface waters [29], although recently their presence has also been 107 

reported in airborne samples from the Mediterranean Sea as well as in some soil and 108 

sediment samples [32]. Only one paper in the literature [21] reported the presence of a 109 

C60-fullerene derivative, C60-pyrr, in wastewater treatment plant effluents. 110 

For the extraction of fullerenes from environmental waters, liquid–liquid 111 

extraction (LLE) [18,24,25,30] and solid phase extraction (SPE) [19,22-24] are most 112 

commonly used although recently, Chen et al. [29] reported ultrasound assisted 113 

dispersive liquid-liquid micro-extraction for the extraction of C60, C70 and PCBM. In 114 

general LLE provides higher recoveries [20,24,30] and the addition of salts is 115 

recommended to destabilize the aqueous nC60 aggregates and facilitate its transfer into 116 

the organic solvent [30,33]. Ultrasound extraction has been also proposed for the 117 

extraction of fullerenes from the water suspended solids [21,28]. Very few reports have 118 

been published regarding sediments and soil sample treatment. In general, Soxhlet and 119 

ultrasound assisted extraction with toluene [32,34-38] are the most frequently used, 120 

although pressurized liquid extraction (PLE) [32,39] has also been proposed. However, 121 

most of the works evaluate the extraction of C60 or C70 fullerene and very few are 122 

devoted to functionalized fullerenes [21,23,37] and generally they do not report method 123 

performance characteristics. 124 

In the present work, a method based on LLE for water and PLE for sediments 125 

and analysis by UHPLC-MS(/MS) of several pristine fullerenes (C60, C70, C76, C78, and 126 

C84) and three C60-fullerene derivatives (C60-pyrr, PCBM and PCBB), which present 127 

increasing industrial applications, was developed. The behavior of the compounds in 128 

different reversed phase columns and mobile phases was studied. Mass spectrometry 129 

atmospheric pressure ionization sources (ESI, APCI and APPI) were evaluated for the 130 

ionization of C60-fullerene derivatives and the obtained spectra were discussed. Tandem 131 

mass spectrometry behavior of the derivatives was studied to characterize the product 132 
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ions and to select the most abundant and selective ones for quantitation and 133 

confirmation. Moreover, PLE conditions for the extraction of the compounds from 134 

sediment samples were optimized. Finally the proposed method was applied for the 135 

determination of the studied compounds in environmental samples. 136 

 137 

2. Experimental 138 

2.1. Chemicals and standard solutions 139 

 C60 (CAS: 99685-96-8), C70 (CAS: 115383-22-7), C76 (CAS: 142136-39-8), C78 140 

(CAS: 136316-32-0), C84 (CAS: 135113-16-5) fullerenes and C60 fullerene derivatives: 141 

N-methyl fulleropyrrolidine (C60-pyrr) (CAS: 151872-44-5), [6,6]-Phenyl C61 butyric 142 

acid methyl ester (PCBM) (CAS: 160848-22-6), and  [6,6]-Phenyl C61 butyric acid 143 

butyl ester (PCBB) (CAS: 571177-66-7) were purchased from Sigma-Aldrich 144 

(Steinheim, Germany). The chemical structures and abbreviations of these compounds 145 

are given in Figure 1. Methanol, acetonitrile and toluene, all of them LC-MS grade, 146 

were also supplied by Sigma-Aldrich. Sodium chloride (NaCl) was purchased from 147 

Merck (Darmstadt, Germany) and diatomaceous earth sorbent (Hydromatrix) from 148 

Varian (California, USA). Stock standard solutions of fullerenes (10 mg kg
−1

) were 149 

individually prepared by weight in toluene and stored at 4°C. Working solutions were 150 

prepared weekly by appropriate dilution of the stock standard solution in 151 

toluene/methanol (30:70 v/v). 152 

Accucore C18 (150 × 2.1 mm, 2.6 μm particle size) and Hypersil GOLD C18 153 

(150 × 2.1 mm, 1.9 μm particle size) chromatographic columns were both purchased 154 

 r m   erm   is er  cienti ic   an   s , CA, USA). 155 

 Nitrogen (99.98% pure) supplied by Claind Nitrogen Generator N2 FLO (Lenno, 156 

Italy) was used for the API sources, and high purity Argon (Ar1), purchased from Air 157 

Liquid (Madrid, Spain), was used as a collision-induced dissociation gas (CID gas) in 158 

the triple quadruple instrument. 159 

 160 

 161 

2.2. Instrumentation 162 

 The chromatographic separation was carried-out using an ultrahigh performance 163 

liquid chromatography (UHPLC) system (Accela system; Thermo Fisher Scientific), 164 

http://www.sigmaaldrich.com/catalog/search?term=160848-22-6&interface=CAS%20No.&lang=es&region=ES&focus=product
http://www.sigmaaldrich.com/catalog/search?term=571177-66-7&interface=CAS%20No.&lang=es&region=ES&focus=product
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equipped with a quaternary pump, autosampler, and column oven. The UHPLC final 165 

separation of the studied compounds was performed with a Hypersil GOLD C18 166 

column (150 mm x 2.1 mm, 1.9 µm particle size, Thermo Scientific). Toluene (mobile 167 

phase A) and methanol (mobile phase B) at a flow rate of 500 µL/min (column back 168 

pressure~600 bar) was used. Gradient elution was as follows: 1 min at 30 % of solvent 169 

A, a linear gradient from 30 to 55% in 1 min, then an isocratic step of 3 min at 55 %, 170 

and returning to initial conditions in 1 min which were maintained for 5 min in order to 171 

prepare the column for the next analysis.  172 

 Mass spectrometric analysis was performed using a TSQ Quantum Ultra AM 173 

(Thermo Fischer Scientific) triple quadrupole instrument, equipped with hyperbolic 174 

r ds t at permit  perati n in en anced mass res luti n  is lati n wind w: 0.1−0.04 m/z, 175 

FWHM) and with an Ion Max API source housing device (Thermo Fisher Scientific) 176 

equipped with ESI and APCI probes. The working conditions for ESI and heated-177 

electrospray ionization (H-ESI) (Thermo Fisher Scientific) in negative mode were: 178 

electrospray voltage -3 kV, capillary temperature 350 ºC, vaporizing temperature for H-179 

ESI probe 300 ºC. For negative APCI, the discharge current was 10 µA and the 180 

vaporizing temperature 300 ºC. When operating with negative APPI, the Ion Max 181 

source housing was equipped with a Syagen Photo Mate VUV light source (krypton 182 

discharge lamp, 10.0 eV) (Syagen Technology Inc., Tustin, CA, USA), and the APCI 183 

probe was used as a nebulizer-desolvation device (no corona discharge was applied). 184 

For all studies, nitrogen (purity >99.98%) was employed as sheath gas and auxiliary gas 185 

at a flow rate of 30 and 25 a.u. (arbitrary units), respectively. Tube lens offset was 180 186 

V and the ion sweep gas was kept at 0 a.u. Ion transfer tube and the vaporizer 187 

temperatures were set at 300 ºC. To optimize both API source parameters and mass 188 

spectrometry conditions, infusions of fullerene standard solutions prepared in 189 

toluene/methanol (40:60, v/v) of 1 mg L
-1

, at a flow rate of 10 µL min
-1

, were used. 190 

Additionally, fullerene solutions of 100 µg L
-1 

were chromatographically analyzed by 191 

isocratic elution with toluene-methanol (40:60, v/v), at a flow rate of 500 µL min
-1

, in 192 

order to evaluate the purity of the standards used. Both, C60-pyrr and PCBB standards 193 

showed a 10% contamination with pristine C60 fullerene. This contamination has been 194 

taken into account when working with mixed standard solutions for calibration. For 195 

instrument control and data processing, Xcalibur v2.0 (Thermo FisherScientific) 196 

software was used. 197 
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 For the acquisition, the chromatogram was divided in 2 segments, with different 198 

acquisition modes for each one of them. For C60-fullerene derivatives (segment 1: 0-2.8 199 

min), selected reaction monitoring (SRM, Q1 and Q3 at 0.7 m/z FWHM) by monitoring 200 

two SRM transitions (using the isotopic cluster ions [M]
-•
 and [M+1]

-•
 as precursor ions) 201 

was used (Table 1). For the analysis of pristine fullerenes (segment 2: 2.8-5 min) 202 

highly-selective selected ion monitoring (H-SIM) mode working at enhanced resolution 203 

in Q3 (0.06 m/z FWHM, with a mass resolving power higher than 12,500), and 204 

monitoring the isotopic cluster ions [M]
-•
 and [M+1]

-•
, was used as previously described 205 

[28]. For H-SIM mode, the scan width was set at 0.1 m/z and a 10 ms scan time (1 206 

μscan) and for SRM mode 0.7 and 10 ms, respectively, were used.  207 

 208 

2.3. Sampling and sample treatment 209 

Water and sediment samples were collected from several ponds located around 210 

Barcelona´s Airport (El Prat de Llobregat, Spain) and were stored at 4°C and room 211 

temperature, respectively, and in the dark for a maximum of 2 weeks.  212 

For method validation, blank water and sediment samples collected from a zone 213 

located away from industrialized urban areas were used. Chromatograms of these blank 214 

samples are included in supplementary data (Figure 1S).  215 

  216 

Water samples 217 

Liquid-liquid extraction (LLE) with toluene following a previously described 218 

procedure [30] with some modifications was used. Samples (200 mL) were processed in 219 

triplicate, without filtration, as follows: each sample was placed in a separatory funnel 220 

and 20 % (w/v) of NaCl was added prior to the addition of 20 mL of toluene. After 221 

shaking the funnel on a shaker (Selecta, Barcelona, Spain) for 10 minutes, the toluene 222 

phase was collected. This procedure was repeated 3 times for each sample. The final 223 

toluene extract (60 mL) was then evaporated to approx. 5 mL using nitrogen in a 224 

Turbovap II Concentration Workstation (Zymark Corporation, Hopkinton, 225 

Massachusetts, USA), and finally evaporated to almost dryness (0.1 mL) with a Visidry 226 

vacuum manifold (Supelco, Bellefonte PA, USA). The extract was reconstituted in 227 

toluene-methanol (30:70, v/v) solution to a final volume of 0.5 mL and transferred to an 228 

amber-glass injection vial. Finally, 10 µL of this extract was injected into the UHPLC-229 

APPI-MS(/MS) system.  230 

 231 
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Sediment samples 232 

Prior to extraction, the samples were air dried for 48 h, and then homogenized 233 

using a mortar and pestle and then sieved using a 2 mm sieve. Two different extraction 234 

methods were evaluated: ultrasound extraction and pressurized solvent extraction 235 

(PLE). For ultrasound extraction, 15g of homogenized sediment sample were dispersed 236 

in 50 mL toluene and sonicated for 1 hour in an ultrasound bath. The solution was then 237 

centrifuged at 4500 RPM for 10 min using a Selecta Centronic Centrifuge (Barcelona, 238 

Spain). The extraction was repeated three times collecting a total toluene extract of 150 239 

mL. PLE extractions were performed on an ASE 100 Accelerated Solvent Extractor 240 

system (Dionex, San Jose, CA, USA). Sediment samples were extracted as follows: 15g 241 

of homogenized sample were placed in 34 mL steel cell, filling the remaining cell 242 

volume with Hydromatrix (Varian, Harbor City, CA, USA). The cell was sealed at each 243 

end by cellulose glass fiber paper circles. Samples were extracted at 150 °C with 244 

toluene and working at a pressure of 1300 psi applying one static cycle of 10 minutes 245 

and a flush volume of 100% (100 s of purge with N2). The solvent was flushed out of 246 

the cell by N2, obtaining a final toluene extract volume of approx. 34mL. 247 

 Finally, toluene extracts obtained by both ultrasound extraction and PLE were 248 

evaporated and treated as previously described for the pond water samples. 249 

 250 

3. Results and discussion 251 

3.1 Mass spectrometry studies 252 

In a previous study carried out in our research group [28], high ionization 253 

efficiency for pristine fullerenes was observed when using solvent-mediated negative-254 

ion APPI, in comparison to other API sources. One of the aims of this work was to 255 

analyze three C60 fullerene derivatives, whose presence in the environment is expected 256 

to rise due to their increasing use, together with the five pristine fullerenes previously 257 

studied. For this purpose, different API sources (APPI, ESI, H-ESI, and APCI) were 258 

evaluated by infusing individual standard solutions of the C60 fullerene derivatives (1 259 

mg L
-1

) in toluene/methanol (40:60, v/v) in both, positive and negative modes. For all 260 

the evaluated API sources, higher ionization efficiency was observed in negative mode 261 

and the MS spectra was always dominated by the isotope cluster of the molecular ion 262 

[M]
-•
, with m/z ions at M, M+1, M+2, and M+3, in agreement with previous reports 263 

[23,29]. A comparison of the ionization efficiency of the tested API sources (APPI, ESI, 264 

H-ESI, and APCI) is shown in Figure 2 where the signals obtained with each source for 265 
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the molecular ion [M]
-•
 of the three C60-fullerene derivatives (PCBM, PCBB and C60-266 

pyrr), normalized to the signal observed in APPI, is given. As can be seen, the 267 

sensitivity of C60-fullerene derivatives is considerably higher when using solvent-268 

mediated (toluene) APPI as previously reported for pristine fullerenes [28] and also for 269 

PCBM [29]. Among the other sources, APCI provided better results than electrospray in 270 

both, ESI and H-ESI modes, which can be explained because electron capture is favored 271 

in the APCI plasma.  272 

In the full scan MS spectra of some of the fullerene derivatives obtained by 273 

infusion of the standard solutions, in addition to the isotope cluster of the molecular ion 274 

[M]
-•
, there is another cluster at m/z 720 corresponding to the isotopic pattern of the 275 

molecular ion [M]
-•
of the C60 buckyball structure. Figure 3a shows, as an example, the 276 

full scan MS spectrum of C60-pyrr in negative APPI mode where both the molecular 277 

ions [M]
-•
 (m/z 777) and the cluster at m/z 720 appeared. This could be due to the 278 

presence of C60 fullerene residues in the commercial C60-pyrr standard or to the loss of 279 

the pyrrolidine functional group by in-source fragmentation. In the LC chromatogram of 280 

the C60-pyrr standard two peaks appeared, one at the retention time of C60-pyrr and 281 

another one at the retention time of C60 fullerene indicating a contamination of C60-pyrr 282 

by C60 (~10%). PCBB standard also contained a 10% contamination by C60 fullerene. 283 

Additionally, a minor contribution (5%) of an ion at m/z 910 was present in the 284 

spectrum of this compound, resulting from the loss of propene (CH2=CH-CH3). This ion 285 

was caused by thermal degradation and its intensity increased with the vaporizer 286 

temperature. In contrast, no contamination by C60 was observed for PCBM standard. 287 

 As previously reported [28], pristine fullerenes presented isotopic patterns with 288 

relative abundances of m/z M+1, M+2, and M+3 higher than the theoretical ones, 289 

because of the addition of hydrogen to a double bond of the fullerene structure. In 290 

contrast to this behaviour, for the C60-fullerene derivatives studied in this work, the  291 

isotope patterns obtained using APPI matched with those obtained by H-ESI, APCI, and 292 

also with the theoretical ones (Figure 3a). A possible explanation for this different 293 

behavior can be the presence of the functional groups which reduces the tendency of 294 

hydrogen addition to the double bonds. In addition, it must be mentioned that when 295 

analyzing low concentration levels of C60 the isotope cluster matched with the 296 

theoretical pattern, in contrast to the previously reported behavior of pristine fullerenes. 297 

This fact seems to indicate that addition of hydrogen to the fullerene double bond in the 298 

ion source could be related to the fullerene concentration. In order to confirm this 299 
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assertion, the LC-MS spectra of C60 and C70 (isocratic elution with toluene-methanol, 300 

40:60, v/v) were obtained by injecting standard solutions at several concentrations (0.1-301 

1000 µg L
-1

), and the variation of the ion ratio (M/M+1) with the concentration was 302 

evaluated. The results showed that the isotope pattern matched with the theoretical one 303 

at low concentration levels (<100 µg L
-1

) while at higher concentrations, the ion ratio 304 

M/M+1 decreased, showing abundances of M+1, M+2 and M+3 higher than the 305 

theoretical ones. A similar behavior with a decrease in the signal of the [M+1]
-•
 ion of 306 

the isotopic cluster at low concentrations (<10 µg L
-1

) was also observed for the 307 

fullerenes of higher size. 308 

 With the objective of charactering the product ions obtained in tandem mass 309 

spectrometry and selecting the most abundant and selective ones for quantitation and 310 

confirmation purposes, negative APPI MS/MS spectra of C60-fullerene derivatives were 311 

obtained by analyzing individual standard solutions (100 µg L
-1

) under chromatographic 312 

isocratic conditions (toluene/methanol, 40:60, v/v). In contrast to the behavior observed 313 

for pristine fullerenes which cannot be fragmented [28], C60-fullerene derivatives did 314 

show fragmentation. The product ion scan spectra of each compound at different 315 

collision energies were acquired. Table 1 shows the product ions obtained for the [M]
-• 316 

of each compound in the triple quadrupole MS/M  spectrum  relative abundance ≥5%), 317 

the collision energies (CE) and the corresponding ion assignment. All the compounds, 318 

showed a product ion at m/z 720 corresponding to the radical [C60]
-•
 which was always 319 

the most intense product ion of the spectra and whose intensity increased with the 320 

applied collision energy. No additional fragmentation occurred for C60-pyrr at any of the 321 

evaluated collision energies (10 to 100 eV). In contrast, for PCBM and PCBB, with 322 

larger functional groups, the loss of both, the propyl acid alkyl ester group, 323 

(CH2)2COO(CH)xH, and the butyl acid alkyl ester group, (CH2)3COO(CH)xH, was 324 

observed in the product ion spectra at collision energies lower than 80 eV (m/z 823). For 325 

PCBB, an additional product ion was observed at m/z 896 corresponding to the loss of 326 

the butyl group of the carboxylate ester. Moreover, the loss of propene (CH2=CH-CH3) 327 

was also observed at collision energies lower than 30 eV (m/z 910). The cleavage of the 328 

carboxylate ester for fullerenes with large alkyl moieties and the loss of the propyl acid 329 

alkyl ester group in the MS/MS spectra of PCBM and PCBB have been reported 330 

[23,29]. However, no information has been found in the literature about the fragment 331 

ion at m/z 809 corresponding to the loss of the butyl acid alkyl ester group observed in 332 

the MS/MS spectra of PCBM and PCBB, at CE < 80eV with a relative abundance from 333 
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5 to 10%. At high collision energies ([C60-pyrr]
-•
: 80 eV, [PCME]

-•
: 100 eV, [PCBE]

-•
: 334 

150 eV) only the loss of the functional groups, (CH2)2N-CH3 for C60-pyrr, 335 

C6H5(CH2)3COOCH3 for PCBM and C6H5(CH2)3COO(CH2)3CH3 for PCBB, occurred 336 

providing for all the compounds a product ion at m/z 720 corresponding to the [C60]
-•
 337 

and this fragment ion was selected for quantitation. Hence, for C60-fullerene derivatives 338 

two SRM (Q1 and Q3 at 0.7 m/z FWHF) transitions selecting as precursors the ions 339 

[M]
-•
 and [M+1]

-•
 of their isotopic cluster, and as product ions [M]

-•
 and [M+1]

-•
 340 

corresponding to the buckyball (C60) (Table 1) is proposed. As an example, Figure 3b 341 

shows the MS/MS spectra with the two SRM transitions selected for C60-pyrr. For 342 

pristine fullerenes, H-SIM (Q3 at 0.06 m/z FWHM, mass resolving power >12,500 343 

FWHM) acquisition mode by monitoring the two most intense ions of the fullerene 344 

isotope clusters ([M]
-•
and[M+1]

-•
) was used [28].  345 

 346 

3.2. Chromatographic separation 347 

For the chromatographic separation of fullerenes C18 reversed-phase 348 

c r mat grap y wit  c nventi nal LC c lumns  5 μm particle size) [18,21,24,40] and 349 

mainly with toluene/methanol or toluene/acetonitrile mixtures as mobile phase are 350 

usually used. In a previous work, the separation of pristine fullerenes was achieved 351 

using a Hypersil GOLD C18 column (150 x 2.1 mm, 1.9 µm particle size, 175 Å) and 352 

toluene/methanol as mobile phase under isocratic elution conditions [28]. In the present 353 

work, in order to optimize the separation of pristine fullerenes and the C60-fullerene 354 

derivatives, two columns, the previously used Hypersil GOLD C18 column and a core-355 

shell Accucore C18 column (150 x 2.1 mm, 2.6 µm particle size, 80Å) with 356 

superficially porous particles, were evaluated. As expected, C60-fullerene derivatives 357 

eluted first in both C18 columns because of their higher polarity, followed by C60 and 358 

the other pristine fullerenes, their retention time increasing with the number of carbon 359 

atoms and, consequently with their hydrophobicity. The analysis time (retention time of 360 

C84) was significantly shorter when Hypersil GOLD column was used, 4.3 min instead 361 

of 11.2 min in the Accucore C18 column, under isocratic conditions (toluene/methanol, 362 

60:40, v/v). This can be due to higher interactions between fullerenes with big size and 363 

symmetric shape and the column with the smaller porous size packaging, as previously 364 

reported [51]. Among the studied C60-fullerene derivatives, only C60-pyrr presented a 365 

slightly higher retention in the Accucore C18 column (1.9 min) than in the Hypersil 366 

GOLD one (1.7 min). This could be related to the size of the functional groups of the 367 
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fullerene derivatives, and therefore, their symmetry. C60-pyrr has the smallest functional 368 

group, and therefore its symmetry and retention behavior is more similar to that of 369 

pristine fullerenes. The other two C60-fullerene derivatives showed lower retention 370 

times in the column with superficially porous particles as currently happens when core-371 

shell columns and columns with totally porous particles (sub-2 µm) are compared [41-372 

43]. Since shorter analysis time and better asymmetry factors were obtained with the 373 

Hypersil GOLD column, it was selected for the separation of the studied compounds.  374 

Two mobile phases, toluene/methanol and toluene/acetonitrile were evaluated 375 

using the Hypersil GOLD column under isocratic elution conditions (40% toluene and 376 

60 % methanol or 60% acetonitrile). Figure 4 shows the chromatograms obtained in 377 

both cases. Although the eluotropic strength of the mixture toluene/acetonitrile is higher 378 

than that of toluene/methanol, fullerene compounds presented higher retention times 379 

when acetonitrile mixtures were used, behavior that was also observed by Jinno et al. 380 

[44]. For instance, the retention time of C84 increased from 4.3 min in toluene/methanol 381 

to 7.1 min in toluene/acetonitrile. This curious behavior of fullerenes can be related to 382 

their ability to form aggregates in polar solvents that explains for instance, their 383 

solubility in water [45,46]. It has been reported that stable dispersed colloidal particles 384 

are formed when C60 and C70 dissolved in non-polar solvents such as toluene, are added 385 

into polar solvents, like MeOH, ACN, ethanol or THF and that the hydrodynamic 386 

diameter of these small particles depends on the properties of both solvents, mainly 387 

their miscibility and the dielectric constant of the polar solvent [47,48]. Moreover, it has 388 

been suggested that increasing the polarity of the solvent leads to the formation of 389 

smaller aggregates [48]. On the bases of this assumption, fullerene clusters in 390 

toluene/ACN would be bigger than in toluene/MeOH and as a result, fullerenes will be 391 

more retained when toluene/ACN is used compensating the higher eluotropic strength 392 

of this mobile phase. 393 

Furthermore, higher responses were observed with LC-APPI-MS when 394 

toluene/methanol solutions were used in agreement with the results previously reported 395 

by Chen et al. [29] for C60, C70, and PCME. Since lower retention times and better 396 

sensitivity were obtained, toluene/methanol was selected as the optimum mobile phase. 397 

Finally, gradient elution was optimized to improve the separation of the first two eluting 398 

compounds, PCBM and PCBB. Under gradient elution (see Experimental Section) the 399 

resolution between PCBM and PCBB increased from 1.2 (isocratic conditions) to 2.0 . 400 

 401 
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3.3. Sample treatment  402 

In this work, pond water samples were extracted by LLE with toluene after the 403 

addition of NaCl to facilitate the transfer to the toluene phase, following a procedure 404 

based on the one described by Chen et al. [30] for the analysis of C60 in water (see 405 

Experimental Section). Recoveries were evaluated by spiking blank pond water samples 406 

(200 mL) with fullerene and fullerene derivatives standard solutions in toluene at 5 407 

concentration levels between 1 and 10 ng L
−1

 for PCBM, PCBB, C60-pyrr, C60, and C70, 408 

and between 10 and 100 ng L
−1

 for C76, C78 and C84 fullerenes. Recoveries were 409 

calculated from the slope of the plot of the calculated amount versus the added 410 

concentration and the values obtained were always higher than 83% and slightly better 411 

for C60-fullerene derivatives (93-96 %) than for pristine fullerenes (83-89 %) (Table 2).  412 

Regarding the extraction of fullerene compounds from sediments, both 413 

ultrasound extraction and pressurized liquid extraction (PLE) using toluene as 414 

extraction solvent were evaluated. For this purpose, blank sediment samples were 415 

spiked with standards prepared in toluene at levels of 50 ng Kg
-1

 for PCBM, PCBB, 416 

C60-pyrr, C60 and C70, and at 50 µg Kg
−1

 for the higher fullerenes and kept at room 417 

temperature (25 °C) for 24 h before extraction. The extracts obtained in both, ultrasound 418 

and PLE extractions were collected, evaporated and analyzed as described in the 419 

Experimental Section. 420 

For ultrasound extraction, the recoveries obtained were very low, ranging from 421 

<1 % to 33 % and decreased for the pristine fullerenes of high molecular weight. These 422 

values are lower than those reported by Sanchis et al. [32] (35-108 %) for the extraction 423 

of  C60, C70 and some fullerene derivatives from sediments. However these authors used 424 

a very long extraction time, 2 cycles of 4h each and the shorter extraction time (1h) used 425 

in our work can explain the lower recoveries obtained.  426 

PLE extractions were initially carried out following a procedure proposed by 427 

Shareef et al. [39] for the extraction of C60 from soils. In our work, beside C60 fullerene, 428 

the extraction of C70 and higher pristine fullerenes together with three C60-fullerene 429 

derivatives (C60-pyrr, PCBM and PCBB) was studied. Sediment samples were extracted 430 

with 100% toluene, at 50 ºC and applying 5 static cycles of 10 minutes each. At these 431 

conditions, recoveries between 15 and 45% were obtained which were lower than those 432 

reported by Shareef et al. [39] (84 -107 % for C60). However, it is worth mentioning that 433 

in the present work the recoveries where calculated in sediments spiked at much lower 434 

concentration levels (ng Kg
-1

- µg Kg
-1

) than the soils reported in the Shareef work (mg 435 
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Kg
-1

)[39]. C60-fullerene derivatives showed higher recoveries (40-45%) than pristine 436 

fullerenes (15-34%) and the extraction efficiency decreased with the molecular weight 437 

as previously observed by ultrasound extraction.  438 

In order to improve PLE recoveries, several parameters such as the extraction 439 

temperature and the number of extraction cycles were optimized. The effect of the 440 

extraction temperature, 50 ºC to 200 ºC, was evaluated by maintaining all the other 441 

conditions unchanged (5 cycle number of 10 minutes each) and the recoveries obtained 442 

are shown in Figure 5. As can be seen, an important improvement on recoveries was 443 

obtained up to 150 ºC. Since no significant increase was observed at higher 444 

temperatures, 150 ºC was chosen as optimum temperature for further studies. The effect 445 

of the number of extraction cycles was also evaluated and it was observed that the 446 

recoveries decreased with the number of cycles mainly for the pristine fullerenes of 447 

higher molecular weight, probably due to the co-extraction of interfering compounds 448 

from the matrix as the cycle number increased. The highest recoveries were obtained by 449 

using only 1 extraction cycle. Thus, one static extraction cycle of 10 minutes at 150 ºC 450 

was chosen as optimum conditions for the extraction of the studied fullerenes from 451 

sediment samples.  452 

Recovery values were determined by the standard addition method fortifying 453 

blank sediment samples at 5 different concentration levels, between 10 and 100 ng Kg
-1

 454 

for C60-fullerene derivatives, C60 and C70 and from 1 to 50 µg Kg
-1

 for larger fullerenes. 455 

The recoveries were then calculated from the slope obtained by plotting the found 456 

concentration versus the added one, and values between 70 and 92 % were obtained 457 

(Table 2). These recoveries are higher than the ones reported by Sanchis et al. [32] 458 

(around 60 %) for the extraction of C60, C70, PCBM and C60-pyrr from sediments by 459 

using PLE.  460 

 461 

3.4. Method performance and application 462 

Both instrumental and method quality parameters were determined, and are 463 

given in Table 2. Instrumental limits of detection (ILODs), based on a signal-to-noise 464 

ratio of 3:1, calculated using the confirmation ion (for pristine fullerenes) or the  465 

confirmation SRM transition (for C60-fullerene derivatives), were obtained by analyzing 466 

solutions of the studied compounds at very low concentration levels. ILODs down to 467 

0.001 pg injected were obtained for the C60-fullerene derivatives, while values between 468 

0.007 and 5.5 pg injected were found for pristine fullerenes. Calibration curves based on 469 
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the peak area of the studied fullerenes at concentrations between ILOQ and 100 µg 470 

L
−1

were obtained, showing good linearity (r
2
>0.998) for all the compounds. To evaluate 471 

method detection limits (MLODs), blank pond water and blank sediment samples were 472 

spiked at low concentration levels and were subjected to the sample treatments 473 

previously described. For water samples, MLODs values between 1.4 and 3.4 pg L
-1

 474 

(PCBM, PCBB, C60-pyrr, C60 and C70) and between 0.6 and 1.6 ng L
-1

 (higher 475 

fullerenes) were obtained. These values are in agreement with those reported previously 476 

for pristine fullerenes [28] and lower than the ones reported by Farre et al. [21] for C60, 477 

C70 and C60-pyrr. MLOD values for sediment samples, ranged between 45 and 250 pg 478 

Kg
-1

 for PCBM, PCBB, C60-pyrr, C60 and C70 and between 31 and 158 ng Kg
-1

 for 479 

higher fullerenes and were also lower than those reported by Sanchis et al. [32] for C60, 480 

C70, C60-pyrr and PCBM (9-21 ng Kg
-1

) in sediment and soil samples. MLOQs, based 481 

on a signal-to-noise ratio of 10, were also calculated following the same procedure, and 482 

the values are indicated in Table 2. 483 

The matrix effect was evaluated by comparing the peak areas obtained by 484 

analyzing a standard solution of target fullerenes (500 ng L
−1

 for PCBM, PCBB, C60-485 

pyrr, C60 and C70 and 50 μg L
−1

 for C76, C78, and C84) with those of the extracts spiked 486 

post extraction treatment at the same concentration level. A reduction of the peak areas, 487 

ranging from less than 10% for water samples to 20% in sediments, was observed for 488 

large pristine fullerenes (C76-C84). The higher matrix effect observed for sediments 489 

compared to water samples which is more pronounced for larger fullerenes is due to the 490 

higher content of organic matter. To prevent this effect, matrix matched calibration is 491 

proposed for quantitation.  492 

Instrumental run-to-run precision was evaluated by analyzing a total of five replicates of 493 

a standard at 100 ng L
−1 

for PCBM, PCBB, C60-pyrr, C60, C70, and 10 μg L
−1

 for higher 494 

fullerenes on the same day. The relative standard deviations (RSDs) based on 495 

concentration ranged from 5 to 7 %. Method day-to-day precision was evaluated by 496 

performing 15 replicate determinations on 3 nonconsecutive days (five replicates per 497 

day) of spiked blank water and sediment samples at two concentration levels, a low 498 

level (MLOQ values) and a high level (10 ng L
−1 

for PCBM, PCBB, C60-pyrr, C60, and 499 

C70, and 100 ng L
−1

 for higher fullerenes in water samples, and 100 ng Kg
−1 

for PCBM, 500 

PCBB, C60-pyrr, C60 and C70, and 50 μg Kg
−1

 for C76, C78 and C84 in sediment samples). 501 

Relative standard deviations (RSDs) based on concentration ranged from 10 to 13 % 502 
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(high level) and from 14 to 21 % (low level) showing an acceptable performance (Table 503 

2).  504 

In order to evaluate the applicability of the developed method for the analysis of 505 

C60-fullerene derivatives and pristine fullerenes in complex matrices, 6 pond water 506 

samples and 7 sediment samples collected from different ponds located close to 507 

Barcelona´s Airport (El Prat de Llobregat, Spain) were analyzed and the results are 508 

given in Table 3. Fullerene derivatives were detected in all the analyzed sediment 509 

samples at low ng Kg
-1

 concentration levels. Figure 6 shows as an example, the 510 

chromatogram obtained for one of the samples. PCBM and C60-pyrr (Table 3) were 511 

quantified at levels between 0.14-2.7 ng Kg
-1

, while PCBB was detected at slightly 512 

higher concentration levels, up to 5.1 ng Kg
-1

. To the best of our knowledge this is the 513 

first report of the presence of PCBM, PCBB and C60-pyrr, compounds in sediment 514 

samples. Among pristine fullerenes, C60 and C70 were detected in most of the samples, 515 

but they could only be quantified in some of them, at levels up to 1.1 ng Kg
-1 

and 2.1 ng 516 

Kg
-1

, respectively, while higher fullerenes were not detected. C60 and C70 fullerenes 517 

have been recently found in sediments and superficial soils [32], also at low ng L
-1

 518 

concentration levels and in samples from highly industrial and urban areas and near 519 

international airports. Thus, their presence in the samples analyzed in this work could be 520 

related to the location of the sampling points, close to the landing strips of Barcelona´s 521 

airport (El Prat de Llobregat, Spain). The C60-fullerene derivatives were also detected in 522 

almost all the analyzed water samples at low pg L
-1

 concentration levels (Table 3), and 523 

the highest concentration detected was ~8 pg L
-1

 (PCBM and C60-pyrr). There are no 524 

previous reports of the presence of these compounds in water samples, except for C60-525 

pyrr that has been found in wastewater effluents [21]. Regarding pristine fullerenes, our 526 

results are in agreement with previous reports about the presence of these compounds in 527 

environmental water samples, which are detected usually at low ng L
-1

 levels [21,28,32] 528 

except in one paper [21] where C60 was found at µg L
-1 

levels. As regards larger 529 

fullerenes which have not been found in the analyzed samples, the presence of  C84 in 530 

water has been recently reported [28], although C76 and C78 have not yet been found in 531 

environmental samples.  532 

 533 

4. Conclusions 534 

A fast and sensitive UHPLC-APPI-MS/(MS) method was developed for the analysis 535 

three C60-fullerene derivatives (PCBM, PCBB and C60-pyrr) with increasing industrial 536 
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applications together with five pristine fullerenes. So far there are no other works 537 

describing a comparable analytical method suitable for the simultaneous analysis of all 538 

these fullerene compounds, and at the very low detection levels (ng L
-1

) relevant for 539 

environmental analysis. Among the different MS API sources tested, APPI was selected 540 

because it showed the best sensitivity. In contrast to pristine fullerenes, the molecular 541 

ion [M]
-•
 isotope pattern of the studied C60-fullerene derivatives match with the 542 

theoretical ones probably due to a lower tendency of  hydrogen addition to the double 543 

bonds caused by the presence of their functional groups reducing the carbon cage 544 

insaturation. Unlike pristine fullerenes, these compounds did present fragmentation, 545 

mainly losing the functional groups and providing the buckyball structure [C60]
-•
. The 546 

specific characteristics of fullerene compounds regarding their size, their peculiar 547 

solubility behavior and tendency to form aggregates allowed us to explain their 548 

retention behavior in different chromatographic columns (totally porous vs core-shell) 549 

and mobile phase mixtures (toluene-MeOH and toluene-ACN). C60-fullerene derivatives 550 

were detected at low ng Kg
-1

 and pg L
-1

 levels, in sediments and water samples 551 

collected from highly industrialized areas (near Barcelona´s airport). This work is the 552 

first report of their presence in these matrices. Among pristine fullerenes, C60 and C70 553 

were detected in most of the samples, while higher fullerenes were not detected. The 554 

results presented in this work demonstrate that the developed method can be proposed 555 

for the analysis of fullerene and C60-fullerene derivatives in environmental samples. 556 
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Figure Captions 719 

 720 

Figure 1. Pristine fullerenes and C60-fullerene derivatives chemical structures  721 

Figure 2. Signal of the [M]
−•

 ion of C60-fullerene derivatives with different API sources. 722 

Figure 3. LC-APPI-MS spectra of C60-pyrr. (a) Full scan MS spectrum, (b) MS/MS 723 

spectrum of the precursor ion at m/z 777 (CE: 80 eV), and (c) MS/MS spectrum of the 724 

precursor ion at m/z 778 (CE: 80 eV). 725 

Figure 4. UHPLC-APPI-MS(/MS) separation of fullerenes in a Hypersil GOLD C18 726 

column (150 x 2.1 mm, 1.9 µm) using (a) toluene:methanol (40:60, v/v) and (b) 727 

toluene:acetonitrile (40:60, v/v ) as mobile phase, Flow rate: 500 μL min
−1

.  728 

Figure 5. Effect of the extraction temperature on PLE. Blank sediment samples spiked 729 

at 50 ng Kg
-1

 for C60, C70 and C60-fullerene derivatives, and at 50 µg Kg
−1

 for the higher 730 

fullerenes (5 extraction cycles of 10 min each). 731 

Figure  6. UHPLC-APPI-MS/(MS) chromatogram of (a) standard mixture (100 ng L
-1

) 732 

and (b) sediment sample. 733 
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Figure 1 749 
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Figure 2 769 
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Figure 3 785 
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Figure 4 805 
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Figure 5 822 
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Figure 6 838 
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 849 Figure 1S. UHPLC-APPI-MS/(MS) chromatogram of (a) blank sediment sample and (b) blank water sample
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Table 1.Product ion spectra of C60-fullerene derivatives and selected SRM transitions 

Compound Precursor 

ion [M]-• 

 Product ion spectra Selected reaction   

monitoring 

(m/z)  m/z 

(%Rel.Ab.) 

Ion assignment 

(CE, eV) 

Transitions  

(CE, eV) 

PCBM 910  910 (40%) 

823(5%) 

809(10%) 

720 (100%) 

[M] -•, 80 

[M-(CH2)2COOCH3]
 -• 

[M-(CH2)3COOCH3]
 -• 

[M-C6H5C(CH2)3COOCH3]
 -• 

910→720 (100)a 

911→721 (100)b 

      

PCBB 952  952 (30%) 

896(5%) 

823 (5%) 

809(5%) 

720 (100%) 

[M] -•, 80 

[M-(CH2)3CH3]
 -• 

[M-(CH2)2COO(CH2)3CH3]
 -• 

[M-(CH2)3COO(CH2)3CH3]
 -• 

[M-C6H5C(CH2)3COO(CH2)3CH3]
 -• 

 

952→720 (150)a 

953→721 (150)b 

      

C60-pyrr 777  777 (40%) 

720 (100%) 

[M] -•, 50 

[M-(CH2)2NCH3]
 -• 

777→720 (80)a 

778→721 (80)b 

aQuantitation bConfirmation 

 



Table2. Quality parameters 

 

 

 

 

 

 

 

           

a(M/M+1)±S.D; b%RSD (n=5); c%RSD (n= 3 x 5); dMLOQs, e10 ng L−1 (PCBM, PCBB, C60-pyrr, C60, and C70), 100 ng L−1 (C76-C84) 

 

Compound Instrument quality parameters Method quality parameters 

ILODs Standard  

Ion ratioa 
 

Run to run 

precisionb 

Water  Sediment 

pg 

injected 

ng L-1 MLODs  

(pg L-1) 

MLOQs 

(pg L-1) 

Recovery 

(%) 

Day to day 

precisionc 

 MLODs 

(ng Kg-1) 

MLOQs 

(ng Kg-1) 

Recovery 

(%) 

Day to day 

precisionc 

       Low 

leveld 
High 

levele 
    Low 

leveld 
High 

levele 

PCBM 0.004 0.4 1.40±0.07 7 1.4 4.5 93 16 12 
 

0.045 0.15 87 21 13 

 
  

  
 

  
  

 
 

  
  

PCBB 0.002 0.2 1.42±0.07 6 0.9 3.0 94 14 10 
 

0.036 0.12 92 20 11 

 
  

  
 

  
  

 
 

  
  

C60-pyrr 0.001 0.1 1.35±0.06 7 0.4 1.5 96 15 12 
 

0.030 0.10 87 19 12 

 
  

  
 

  
  

 
 

  
  

C60 0.007 0.7 1.28±0.10 5 2.3 7.5 85 14 10 
 

0.23 0.78 80 16 10 

 
  

  
 

  
  

 
 

  
  

C70 0.01 1.0 1.10±0.10 6 3.4 11.2 89 15 11 
 

0.25 0.82 78 18 12 

 
  

  
 

  
  

 
 

  
  

C76 2.0 200 1.07±0.09 7 1200 4090 87 16 12 
 

46 154 76 15 11 

 
  

  
 

  
  

 
 

  
  

C78 1.0 97 0.95±0.07 5 600 1870 83 14 10 
 

31 103 70 17 12 

 
  

  
 

  
  

 
 

  
  

C84 5.5 550 0.98±0.05 6 1600 5460 85 16 12 
 

158 523 73 18 13 



Table 3.  Analysis of Fullerenes in Water and Sediment Samples by UHPLC-APPI-MS/(MS) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

apg L-1 bng Kg-1 Concentrations given as ± S.D;  n.d. = not detected 

 Ion ratio values given as (M/M+1)±S.D. 

Sample PCBM  PCBB  C60-pyrr  C60 C70  C76 C78 C84 

Pond water  Concentrationa Ion ratio  Concentrationa Ion ratio   Concentrationa Ion ratio   Concentrationa Ion ratio   Concentrationa Ion ratio      

1 5.2 ± 0.5 1.38 ± 0.04  <MLOQ   8.5 ± 0.5 1.32 ± 0.03  15 ± 1 1.30 ± 0.06  330 ± 20 1.18 ± 0.02  n.d. n.d. n.d. 

2 8.0 ± 0.9 1.38 ±0.04  5.0 ± 0.5 1.40 ± 0.04  2.0 ± 0.1 1.34± 0.05  25 ± 2 1.20 ± 0.02  31 ± 2 1.11 ± 0.06  n.d. n.d. n.d. 

3 n.d.   n.d.   MLOD   <MLOQ   22 ± 1 1.15 ± 0.04  n.d. n.d. n.d. 

4 MLOD   MLOD   5.1 ± 0.6 1.34 ± 0.03  11 ± 1 1.24 ± 0.04  <MLOQ   n.d. n.d. n.d. 

5 MLOD   <MLOQ   n.d.   9 ± 1 1.27 ± 0.06  n.d.   n.d. n.d. n.d. 

6 6.1 ± 0.7 1.39 ± 0.05  n.d   n.d.   22 ± 1 1.25 ± 0.03  <MLOQ   n.d. n.d. n.d. 

Sediment  Concentrationa Ion ratio  Concentrationa Ion ratio  Concentrationa Ion ratio  Concentrationa Ion ratio  Concentrationa Ion ratio     

1 0.15 ± 0.01 1.36 ±0.02  2.45 ± 0.04 1.40 ± 0.05  0.36 ± 0.01 1.36 ±0.03  <MLOQ   <MLOQ   n.d. n.d. n.d. 

2 MLOQ   0.18 ± 0.01 1.43 ± 0.05  0.140 ± 0.001 1.32 ±0.01  <MLOQ   MLOD   n.d. n.d. n.d. 

3 0.16 ± 0.01 1.41 ± 0.04  0.23 ± 0.01 1.43 ± 0.07  0.562 ± 0.003 1.35 ± 0.02  1.0± 0.01 1.26 ± 0.08  MLOD   n.d. n.d. n.d. 

4 <MLOQ   0.91 ± 0.03 1.41 ± 0.06  0.220 ±0 .002 1.32 ± 0.02  n.d.   n.d   n.d. n.d. n.d. 

5 2.6 ± 0.3 1.37 ± 0.02  5.1 ± 0.3 1.40 ± 0.04  2.7±0.3 1.30 ±0.01  1.1 ±0.1 1.21 ±  0.02  2.1 ± 0.1 1.17 ± 0.02  n.d. n.d. n.d. 

6 <MLOQ   0.18 ± 0.02 1.38 ± 0.02  0.52±0.02   0.82 ± 0.04 1.20 ±  0.02  7.2 ± 0.2 1.13 ± 0.03  n.d. n.d. n.d. 

7 MLOD   <MLOQ   <MLOQ   MLOD   n.d.   n.d. n.d. n.d. 


