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Abstract 1 

31P NMR is a valuable tool to study phosphorus-containing biomolecules from complex mixtures. One 2 

important group of such molecules are phosphorus-containing emulsifiers including lecithins and 3 

ammonium phosphatides (AMPs), which are used in chocolate production. By developing extraction 4 

protocols and applying high resolution 31P nuclear magnetic resonance (NMR), we enable identification of 5 

the type of emulsifier used in chocolate. We furthermore demonstrate that this method allows 6 

quantification of AMPs in chocolate. To our knowledge, this is the first method that allows verification of 7 

the type and amount of emulsifier present in chocolate samples. 8 

Keywords 9 

31P NMR, Lipidomics, Ammonium phosphatide, Emulsifier, Chocolate  10 
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Introduction 11 

The main constituents of dark chocolate are cocoa beans and sugar. The chocolate is typically conditioned 12 

with a small amount (≲ 1%) of emulsifier. The emulsifier is added to reduce viscosity and yield values, 13 

enabling the chocolatier to control the chocolate properties (e.g. thickness, reduction of air bubbles and 14 

melting temperature). Available emulsifiers for chocolate production include lecithin and ammonium 15 

phosphatide (AMP).  16 

Lecithin is a broad term applied to phospholipid extracts from both animal and plant-based products.1 Most 17 

lecithins used as food additives are side-products from soybean and sunflower oil production with soybean 18 

lecithins making up around 92% of all lecithin-based food additives.2 Lecithins are composed of mixtures of 19 

phospholipids with the major constituents being phosphatidylcholine (PC), phosphatidylethanolamine (PE), 20 

phosphatidylinositol (PI) and phosphatidic acid (PA) in varying ratios. Around 14% of the global lecithin 21 

production goes to the confectionary industry making this an important application.2 AMPs are alternative 22 

emulsifiers approved for confectionary use in most countries. They are produced by phosphorylating mono- 23 

and di-glycerides from rapeseed or sunflower oils resulting in lipids containing phosphoric esters with 24 

ammonium as the counter ion.3 25 

Several methods have been established for quantifying phospholipids in lecithin products. These include 31P 26 

NMR,4-6  HPLC chromatographic methods with either evaporative light scattering detection (ELSD) or 27 

charged aerosol detection (CAD),7 in addition to LC MS.8 Generally, these methods rely on extensive 28 

calibrations with certified lipid standards, may involve hydrolysis of the studied lipids, and can suffer from 29 

low tolerance towards impurities.  While such methods works well for lecithin samples, they are not well-30 

suited for the quantification of AMPs in chocolate samples since (i) no certified AMP standards exist for 31 

calibration of AMP lipids and (ii) various impurities are inevitable when quantitatively extracting emulsifiers 32 

from food samples. As an alternative to analyzing phospholipids, the total phosphorus content can be 33 

addressed using a molybdate colorimetric assay.7 However, for analysis of chocolate samples, which 34 
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contain phosphorus from cocoa dry matter9 and cocoa butter10 in addition to the added emulsifier, these 35 

approaches are not well suited. To our knowledge, no methods suitable for measuring the concentration of 36 

AMPs in complex samples such as conditioned chocolate have previously been published,11 although this 37 

would be desirable in several contexts. For example, it would enable food regulation offices to test if AMP 38 

concentration in a chocolate sample is consistent with the declared content.  39 

In this paper we present a nuclear magnetic resonance (NMR)-based method for quantification of AMPs in 40 

chocolate. NMR is non-destructive and delivers quantitative information without the need of prior 41 

knowledge and standards of the probed compounds. Such advantages have encouraged the use of NMR in 42 

lipidomic studies.12 In this context, 31P NMR is of particular interest for the study of phosphorus containing 43 

emulsifiers, with the 31P isotope having a high gyromagnetic ratio, 100 % natural abundance, and a wide 44 

chemical shift dispersion, all of which makes 31P NMR very suitable for lipidomics studies. The sensitivity of 45 

the 31P chemical shift to changes in the surroundings implies that perturbations related to sample 46 

preparation, especially pH changes, may lead to large fluctuations in 31P resonance frequencies for different 47 

lipids.13 This problem has been circumvented by using two-dimensional 1H-31P NMR experiments, which 48 

enable reliable assignment of phospholipids in mixtures.14 A remaining challenge of 31P NMR on such 49 

systems is the line broadening induced by co-solutes causing a dramatic loss in sensitivity and leading to 50 

impaired resolution in the spectra. Therefore, an efficient sample preparation is required to warrant high 51 

analytical performance. We have developed an extraction protocol inspired by previous work on lipids4,5,10, 52 

15-17 which, applied together with proton decoupled 31P NMR experiments, leads to reproducible spectra 53 

providing sharp peaks and appropriate signal-to-noise-ratios (SNR) for quantification. We discuss the 54 

potential of this method to address: i) the unambiguous identification of the emulsifier type: AMP versus 55 

lecithin; ii) the further identification of the type of AMP and iii) the quantification of the overall AMP 56 

content in chocolate samples. 57 

        58 
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Results and Discussion 59 

The phosphorus content in chocolate can be attributed to three different origins: inorganic phosphorus 60 

associated to cocoa dry matter,9 phospholipids from cocoa butter,10  and phosphorus containing emulsifier. 61 

A solid-state-NMR (ssNMR) 31P spectrum of a dark-chocolate sample conditioned with an AMP emulsifier is 62 

show in figure 1a. The spectrum exhibits a significant broad background from -70 to 70 ppm with a 63 

characteristic chemical shift anisotropy pattern attributed to inorganic phosphorus18-19 and a weak signal 64 

around 0 ppm which arises from AMPs. Although this spectrum shows the relevant features to identify the 65 

emulsifier, the resolution and sensitivity are clearly not good enough to allow a high-precision 66 

quantification of the emulsifier. Hence, a method to extract the emulsifier is required to provide a higher 67 

sensitivity. 68 

By hydrophobic extraction the inorganic phosphorus can be removed, leaving only an organic phase 69 

thereby enabling the spectral distinction between phospholipids, which only contain monophosphates 70 

(peaks at around 0 ppm), and AMPs containing both mono- and diphosphates around 0 and -10 ppm, 71 

respectively (figure 1b).20-21 The residual cocoa dry matter following hydrophobic extraction retains a broad 72 

component attributed to inorganic phosphorous (figure 1c).9 Although the spectrum of the extract (figure 73 

1b) shows signficantly better sensitivity than obtained for the untreated chocolate sample, the resolution in 74 

the spectrum is still not good enough to distinguish individual lipids and AMP components. By turning to 75 

liquid-state NMR (lsNMR), we obtain significantly better resolution if an appropriate solvent system is 76 

chosen.13 Using an optimized extraction process (vide infra), which includes washing the organic phase, the 77 

resolution is greatly enhanced as evident in figure 1d. In the following, we will refer to this extraction as a 78 

lipid extraction. This spectrum shows narrow peaks from the extracted lipids and AMPs. It is 79 

straightforward to distinguish between AMP and lecithin containing chocolates since AMP emulsifiers 80 

contain diphosphate groups providing signals around -10 ppm and a characteristic double peak in the 81 

monophosphate region at 0.1 ppm (figure 2a-b). Lecithin spectra show no such traits (figure 2c), since 82 

peaks are only observed in the range -0.5 to 2.5 ppm. I addition it is noted that the intensity percentages of 83 
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phosphate signal in mono- and diphosphate regions (marked regions in figure 2a) differ between AMP 4455 84 

and 4448 and can be used to determine the AMP type in a sample (vide infra).  85 

Due to the high resolution and sensitivity of the lsNMR experiment, leading to reduced experiment time 86 

and increased information content, the continued analysis is based on lsNMR of extracted emulsifier. 5 g of 87 

chocolate containing 0.75% (0.04 g) AMP yields around 1.5 g extracted organic material following lipid 88 

extraction. The major component of this material are fats from the cocoa butter; the AMP mass only 89 

accounts for ca 2.6% of the extracted mass. These fats are not observed in the 31P experiment, since they 90 

are mainly triglycerides free of phosphorus.9-10, 22 Unfortunately, the large amount of fats in the extracted 91 

sample implies that the concentration of AMP remains low and consequently results in low sensitivity in the 92 

NMR experiments. To circumvent this and to further increase the spectral quality, an extended extraction 93 

protocol was developed. This protocol includes steps of acetone washes (AW) that removes the majority of 94 

cocoa butter fats from the sample,23 in addition to the procedures included in the lipid extraction. This 95 

extraction protocol will from this point be denoted an AW extraction. An AW extraction of the same 0.75% 96 

chocolate yields around 0.03 g of material from 5 g of chocolate, Implying that the cocoa butter fats have 97 

been efficiently removed.  The 31P NMR spectra in Figs. 3a and 3b are obtained from AMP-containing 98 

chocolate extracted using the lipid extraction (figure 3a) and the AW extraction (figure 3b). The spectral 99 

linewidths decrease from around 15 Hz to 4 Hz and the signal to noise ratio (SNR) increases by a factor of 5 100 

as a result of the increased AMP concentration and narrower lines following AW extraction. Spectra of the 101 

acetone fraction (figure 3c) show significant signals in the monophosphate region, and particularly 102 

noteworthy is it that the characteristic double peak from AMP is present in this fraction while the 103 

diphosphates at -10 ppm are absent. This agrees well with the observation that the phosphorous signal in 104 

the monophosphate region decrease from 85% in lipid extracts (figure 3a) to 75% in AW extracts (figure 105 

3b).  106 
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Taken together, there are multiple considerations and tradeoffs when choosing the extraction method for 107 

quantifying emulsifiers in chocolate samples. Spectra of the lipid extractions suffer from a poor SNR 108 

because of the high fat content. On the other hand, the AW extraction indeed removes the fats, but it also 109 

removes a small fraction of the AMPs, challenging quantification. However, the diphosphate signals of the 110 

AW samples are quantitatively reproduced and can be used to calculate the total AMP content provided 111 

the percentages of phosphorous sigal in mono- and diphosphate regions for the AMP is known. These 112 

percentages may be determined from spectra of lipid extractions (figure 3a) or of AMP oils (figure 4c). 113 

Since no single extraction protocol allows precise determination of the AMP content with high accuracy 114 

(high SNR), we have chosen to base our quantification method on a combination of quantitative extraction 115 

of di-phosphorylated AMPs using the AW extraction protocol and a determination of the percentage of di-116 

phosphorylated AMPs in a given sample based on the lipid extraction. Here a quantitative extraction is 117 

understood as a protocol that reproduces the expected 31P NMR signal from specifically produced 118 

chocolates with known AMP contents. 119 

Determining the percentages of mono- to diphosphate signal in the emulsifier is key to obtain quantitative 120 

results from the AW extractions. As mentioned, cocoa butter naturally contains triglycerides but also small 121 

amounts of phospholipids that appear in the –2 to +2 ppm range of the 31P NMR spectrum. For illustration, 122 

figure 4 shows the spectra for the different components of lipid extractions, with the 31P signals of cocoa 123 

butter lipids in figure 4a. Some of these lipids (e.g. peak 3 in figure 4a) overlap with AMP peaks (figure 4b,c) 124 

while the major peak (peak 4 in figure 4a) does not. This peak constitutes on average 43 ± 4% of the total 125 

phospholipid content in the cocoa butter. Table 1 summarizes the relative percentages of total signal 126 

(based on integrals) of the different peaks from the cocoa butter. Knowing these values allow us to subtract 127 

the contribution from the cocoa butter lipid peak from the integrated monophosphate region. It is thereby 128 

possible to compensate for the monophosphate contribution from cocoa butter. This allows to obtain a 129 

more precise determination of the ratio of mono- and diphosphates in the AMP. In figure 4d, the 130 
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percentage of monophosphate signal in lipid extracts of chocolates containing two different AMP types are 131 

compared to the percentages obtained from AMP oils. To assess the importance of this compensation, the 132 

mono- to di-phosphate signal percentages are calculated with and without subtracting the contribution 133 

from cocoa butter (+/– CB). Both methods yield monophosphate contents in agreement with the respective 134 

oils. Furthermore, we use the monophosphate percentage to distinguish between different AMP types. In 135 

this study, we included AMP products 4448 and 4455, which are characterized by monophosphate signals 136 

of 64±2% and 82±2%, respectively (figure 4d).  137 

To enable direct comparison between samples for which NMR spectra have been recorded with a different 138 

number of scans and slight deviations in shim settings etc. all signals were normalized to an internal 139 

standard of triphenyl phosphate (tPP). To establish a precise correlation between the 31P NMR intensities 140 

and AMP amount, we have used  AMP oils to establish standard curves. Standard curves are based on data 141 

from three different batches of each AMP type. Each batch is represented by triplicates at 5 different 142 

concentrations leading to a total of 45 samples. Standard curves of solubilized AMP oils 4448 and 4455 in 143 

known concentrations are displayed in figure 5a with 95% confidence intervals indicated and with 144 

parameters from the linear regression given in Table 2.  Standard curves with individual data points are 145 

shown in figure S-1. Based on these standard curves and percentages of monophosphate signals depicted in 146 

figure 4d, the emulsifier content in dark chocolate samples with both AMP types were determined in 147 

chocolates containing from 0.25 to 1.25 % emulsifier. The calculated contents are depicted against known 148 

concentrations in figure 5b and 5c whereby each graph matches with one AMP type. As shown in Table 3, 149 

the known concentrations are within standard deviation of the experimentally determined concentrations. 150 

These values are largely independent of which of the aforementioned ratios (-CB, +CB, oil) are used (Table 151 

S-1). This underlines that while cocoa butter compensation can be incorporated if the spectra of pure CB 152 

lipids are available, AMPs can still be quantified without compensating for the CB lipids.    153 
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Having established a method to quantify the amount of AMP emulsifier in dark chocolate, it is relevant to 154 

assess the limits of detection (LOD) and quantification (LOQ). These quantities are calculated from the SNR 155 

of the diphosphate signal in AW extractions of 0.25 and 0.5% dark chocolates (n=10) with 128 scans and are 156 

given in Table 4. LOD and LOQ are here defined as quantities providing SNR=3 and SNR=10 respectively as 157 

suggested by ICH.24 Since the SNR with NMR is directly proportional to the square root of the number of 158 

scans, the LODs can be recalculated to 0.05 and 0.03 %
√%

  and LOQs to 0.16 and 0.095%
√%

  for AMP types 4455 159 

and 4448, respectively, where h is the total acquisition time in hours on our 500 MHz NMR system. 160 

To expand the scope of this work, we investigated if the analysis was compatible with milk chocolate, which 161 

in addition to cocoa, sugar and emulsifier also contains milk powder. From lipid extractions of milk 162 

chocolate, we observed no new components in the regions of interest (figure 6a compared to 6b), and it 163 

was still possible to distinguish the two AMP types based on the monophosphate content (figure 6c) from 164 

lipid extractions. The AMP content of the 0.5% AMP containing milk chocolates was determined with good 165 

accuracy (Table 5).  166 

To further evaluate the versatility of our quantitative method, we investigated if the sensitivity of low-field 167 

NMR spectroscopy is sufficiently good to yield the AMP content within a reasonable amount of 168 

measurement time. Since modern benchtop spectrometers are relatively inexpensive, cryogen free and 169 

easy to operate, this methodology would be very suitable for routine applications such as the present 170 

quantification. A sample obtained after AW extraction from 10 g chocolate containing 1.25% AMP was 171 

analyzed with a 1 Tesla benchtop spectrometer enabling the detection of 31P (at 17.6 MHz) with proton 172 

decoupling. Obviously, the reduced magnetic field involved a significant decrease in resolution and 173 

sensitivity (figure 7a compared to 7b). Although the monophosphate region no longer shows well-resolved 174 

peaks (figure 7b), the spectrum shows sufficient resolution to distinguish mono- and diphosphate patterns, 175 

which is the determining feature to yield the AMP type and content of the chocolate sample. With an 176 

overnight experiment (8 h), SNRs of 42 and 24 were obtained for monophosphate and diphosphate regions 177 
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respectively. SNRs in this regime obtained in a reasonable experiment duration are appropriate for 178 

quantitative applications. More perspectives toward low-field NMR analysis of phosphorus containing lipids 179 

will be investigated in a near future.         180 

To conclude, we have shown that our method enables identification of the emulsifier in a given chocolate 181 

and quantification of AMPs in the 0.25% to 1.25% concentration range in dark and milk chocolates. 182 

Furthermore, we demonstrate that it is feasible to translate this analysis for use on a benchtop 183 

spectrometer.    184 

  185 

Materials and Methods 186 

Solid state NMR 187 

For the solid-state (ss) 31P NMR spectrum of the chocolate sample (figure 1a) a dark chocolate with 0.7% 188 

AMP 4448 was melted (48°C) and stirred for 30 min, and ca. 100 µl was transferred to a 4 mm rotor.  189 

For the ssNMR spectrum of emulsifier extract (figure 1b), the emulsifier was extracted from 0.7% AMP 4448 190 

containing dark chocolate by dissolving 2 g chocolate in 2 ml CHCl3/MeOH/H2O (65:15:1) followed by 191 

pelletation for 5 minutes at 3000 g. This procedure was repeated three times for the pellet, which was 192 

subsequently washed with 2 mL CHCl3 over a filter three times. All supernatants from these procedues 193 

(CHCl3/MeOH/H2O and CHCl3) were dried under airflow and the remaining lipids were transferred to a 4 194 

mm rotor. 195 

31P ssNMR experiments were recorded at 293 K on a 700 MHz spectrometer with a Bruker Avance III 196 

console using a 4 mm HX broadband magic-angle spinning probe. Spectra were recoded without spinning, 197 

using a spin-echo pulse sequence with an echo delay of 50 µs and a repetition delay of 3 seconds. The 198 

chocolate and extract spectra employed 20,480 or 2,048 scans, respectively. The spectra were processed 199 

using a 200 Hz exponential line broadening.  200 

  201 
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Lipid extraction of chocolate 202 

From preliminary experiments it was found that AMP diphosphates were preferentially extracted by 203 

chloroform (CHCl3), while monophosphates were preferentially extracted with a more polar solvent mixture 204 

(CHCl3:MeOH:H2O in 20:5:0,3),16 while acetone extracted lipids25 did not contain phospholipids in any 205 

amount detectable by ssNMR. From these observations, a sequential extraction protocol was developed, 206 

including an aqueous washing step of the organic phase to greatly reduce lsNMR linewidths.     207 

Initially chocolates were homogenized and finely grated, and from this around 5 g chocolate was weighed 208 

with 0.001 g precision. The chocolate was suspended in 20 mL CHCl3 and mixed for at least 30 minutes with 209 

constant mixing. 5 mL 15:1 MeOH:H2O was added and mixing  continued for a minimum of 30 min. The 210 

suspension was pelleted at 4200 g for 15 minutes. The soluble phase was stored and the insoluble fraction 211 

treated as described additionally two times to give a total of tree treatments. The solubilized emulsifier was 212 

dried on a rotary evaporator, re-dissolved, and quantitatively transferred with a total of 4.2 mL  5:2 213 

CHCl3:MeOH. This organic phase was washed tree times with: 0.4 mL ultrapure water (MQ), 0.4 mL 1:1 214 

MeOH:CsCDTA (0.2 M pH 10), and 0.4 mL 1:1 methanol:MQ respectively to remove sugar and other 215 

residual water-soluble components. The washed organic phase was dried under airflow at 38 °C. A 216 

schematic overview of extraction protocol is shown in figure S-3.  217 

 218 

AW extraction of diphosphate-containing AMPs 219 

The AW extraction protocol is similar to the lipid extraction described above, however, initially finely grated 220 

chocolate was suspended in 25 mL acetone and mixed for a minimum of 30 minutes to remove acetone 221 

soluble fats.23 The suspension was pelleted at 4200 g for 10 minutes and the pellet was repeatedly treated 222 

with acetone to give a total of 2 acetone treatments. The acetone fraction (50 mL) was dried and re-223 

dissolved as described below for lsNMR to verify the residual monophosphate content in the acetone 224 

fraction. The pellet from the acetone wash was dried under air flow before a lipid extraction was carried 225 

out as described above. After drying the extracted emulsifier on a rotary evaporator, it was repeatedly 226 



Malmos et al. 31P NMR quantification of AMP in chocolate 
 

12 
 

washed with 25 mL acetone and dried before it was re-dissolved, quantitatively transferred, washed with 227 

aqueous solutions, and dried as described above.  228 

 229 

AMP oils for standard curves 230 

1.5 g homogenized AMP oil was weighed with 0.001 g precision in a 5 mL volumetric flask. Chloroform was 231 

added to 5 mL and the solution homogenized. From this, samples of 0.01 to 0.06 g were withdrawn and 232 

dried under air flow. 233 

  234 

Liquid state NMR experiment  235 

AW extracts or AMP oils were dissolved in 0.75 mL deuterated chloroform and added 0.3 mL methanol. The 236 

samples were pelleted at 9450 g for 10 minutes to remove any insoluble material. From the soluble fraction 237 

0.8 mL was withdrawn and added 10 μL of 0.2-0.3 M (tPP) and 60 μL 0.2 M CsCDTA (pH = 10). The samples 238 

were thoroughly mixed after which phases separate in a lower organic phase topped with a smaller 239 

aqueous phase. This solvent system has the dual goal that the CsCDTA chelates any paramagnetic 240 

impurities that could compromise the spectral quality, and the aqueous solution reduces evaporation of 241 

the organic solvent.13  242 

Lipid extracts were prepared in a similar fashion, but using 1 g of sample and 5 μL of 0.2 M tPP dissolved in 243 

the same biphasic solvent system. Chemical shift values were referenced with the internal standard tPP. 244 

The chemical shift for tPP was determined to -17.0 ppm for AW extracts and oils and to -16.9 ppm for lipid 245 

extracts using 85% H3PO4 (0 ppm) in a sealed capillary as the reference. Spectra were recorded on a Bruker 246 

500 MHz spectrometer using single-pulse excitation with a with a 90° pulse width of 22 μs, inverse gated 247 

continuous-wave proton decoupling, acquisition time of 0.499 s , and repitition delay of 19 s (AW extract), 248 

30 s (AMP Oil), or 10 s (lipid extract) which, for the three sample types, were at least 5 times the longest T1. 249 

 250 

Data treatment 251 
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All spectra were processed in MestReNova (v11.0.4-18998, Mestrelab Research S.L.). Integrations were 252 

done in defined spectral regions for mono- and diphosphates while SNR was measured using the script SNR 253 

NMR tool. All spectra were normalized and referenced using the internal standard tPP in final 254 

concentrations from 1.2 to 3.7 mM dependent on the sample type (AW or lipid extraction) and tPP stock 255 

concentration. Lipid extracts from AMP containing chocolates were cocoa butter compensated by 256 

subtracting the area of the peak at 0.0 ppm (Lorentzian-Gaussian line shape fitted) from the integral of the 257 

full monophosphate region.  258 

 259 

Low-field NMR experiments 260 

 261 

The low-field proton decoupled 31P NMR spectrum was recorded on a 1 Tesla benchtop spectrometer 262 

(Spinsolve, Magritek) with the following parameters: 11 520 scans with a repetition delay of 2.5 s leading to 263 

an 8 h experiment duration. The nominal 90° on the 31P channel was performed with a pulse length of 57.5 264 

μs at -6.1 dB. 8 K points were recorded with a dwell-time of 200 μs during the acquisition. Protons were 265 

decoupled using a WALTZ-1626 sequence. The resulting data were processed in MestReNova including a 266 

two-times zero-filling to reach 16 K points, an exponential apodization with a 1 Hz line-broadening, a 267 

manual phase correction, and a baseline correction using the Whittaker smoother algorithm.         268 
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Figure captions 333 

Figure 1 334 

31P NMR spectra of chocolate and extracted emulsifiers from chocolate. (a) ssNMR of an 0.7% AMP 335 

containing dark chocolate recorded at 700 MHz with 20,480 scans. (b) ssNMR of extracted AMP from the 336 

same chocolate recorded at 700 MHz with 2,048 scans. (c) proton decoupled 31P lsNMR measured at 500 337 

MHz of solubilized extracted AMPs from a 1.25% AMP containing dark chocolate.  338 

Figure 2 339 

Determining emulsifier type in a chocolate. (a) Proton decoupled 31P spectra of crude extractions of AMP 340 

4455 and (b) 4448 compared to (c) Lecitin. Diphosphate peak and double peak in monophosphate region 341 

characteristic for AMPs are marked with *.  342 

Figure 3 343 

AMP analysis strategy and extractions methods. (a,b) Proton decoupled 31P NMR spectra of (a) lipid 344 

extraction and (b) AW extraction from 1.25% AMP containing dark chocolate. Spectrum (b) has increased 345 

SNR by a factor of 5 compared to spectrum (a). (c) Proton decoupled 31P NMR spectrum of the acetone 346 

soluble material from a 1.25% AMP containing chocolate. Diphosphate-containing AMPs are acetone 347 

insoluble but monophosphate-containing AMPs are partially dissolved with cocoa butter lipids. 348 

Figure 4 349 

Determining the AMP type and compensating for cocoa butter derived phospholipid contribution. (a) 350 

Proton decoupled 31P NMR spectrum of lipid extraction from cocoa bean-sugar granulate. The spectrum 351 

shows significant signals in the monophosphate region with a dominating peak at 0.0 ppm which 352 

constitutes 43±4% (n=6) of phospholipid signal from the cocoa butter (Table 1). (b) Same experiment as 353 

figure 4a, but from lipid extract of 1.25% AMP containing chocolate. The peak marked with an * correspond 354 

to cocoa butter peak 4 in figure 4a. (c) Same experiment as figure 4a of dissolved AMP oil. This spectrum 355 
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shows no signals overlapping with the 0.0 ppm cocoa butter peak 4. (d) The phosphate signal intensity 356 

found in the monophosphate region as percentage of the combined signal in mono- and diphosphate 357 

regions (marked regions from 2.7 to -1.7 ppm and -8.7 to -11.7 ppm in figure 4b and 4c). Pertcentages are 358 

calculated for AMP types 4455, 4488, and Lecthin from lipid extractions (n=9) with and without cocoa 359 

butter compensation compared to dissolved AMP oils (n=45). Lines represent the median, boxes the 1st and 360 

3rd quartiles respectively and bars the maximal scattering of data points. Median values are noted with 95% 361 

confidence intervals. 362 

Figure 5 363 

AMP quantification in dark chocolate. (a) Standard curves of AMP types 4455 and 4448. The curves are 364 

based on triplicates of 5 concentrations in the range from 0.01 to 0.06 g AMP from three different batches 365 

of each AMP type. Curves are based on integrated signal in regions from 2.6 to -1.8 and -8.8 to -11.8 ppm 366 

that were normalized to an internal standard of tPP. Statistics of the standard curves are shown in Table 2 367 

and curves showing individual data points are shown in figure S-1. (b,c) Plots of the precision and accuracy 368 

of AMP quantification for 4448 and 4455 respectively. AMP contents are calculated based on the standard 369 

curves in figure 5a and the cocoa butter corrected mono- to diphosphate ratios in figure 4d. The black lines 370 

represent y = x, data points are medians of data points shown in figure S-2 related to an AMP concentration 371 

and error bars show the standard deviation for each concentration (n=5). The accuracy and precision of the 372 

AMP quantification are summarized in Tables 3 and 4.  373 

Figure 6 374 

AMP quantification in milk chocolate. (a,b) Proton decoupled 31P spectra of lipid extraction from 0.5% AMP 375 

containing (a) milk and (b) dark chocolate. (c) The phosphate signal found in the monophosphate region as 376 

percentage of the combined signal in mono- and diphosphate regions (2.7 to -1.7 ppm and -8.7 to -11.7 377 

ppm) calculated for AMP types 4455 and 4488 from lipid extracts of milk chocolates compared to dissolved 378 

AMP oils. Data for oils were initially shown in figure 4d but are repeated here for ease of comparison. Error 379 
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bars represent the standard deviations and columns the average of n=3 or the median n=45 for lipid 380 

extracts and oils respectively.  381 

Figure 7 382 

Benchtop NMR allows AMP Detection. (a) High-field 31P NMR spectrum of AMP recorded at 11.7 T for 383 

comparison with (b) proton decoupled 31P NMR spectrum recorded on a 1 Tesla benchtop spectrometer 384 

(Spinsolve, Magritek). The low-field experiment was performed in 8 h on AW extracts from 10 g 1.25% AMP 385 

containing chocolate. 386 

  387 
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Tables  

Table 1. Cocoa butter phospholipids. Numbers are based on peak areas calculated using Lorentzian-

Gaussian shaped line fitting and represented as percentages relative to the sum of the four major peaks 

numbered in figure 4a. The numbers are the median percentage plus/minus the standard deviation with 

n=6.   

Peak number 1 2 3 4 

% of total signal 20±3 9±3 29±3 43±4 
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Table 2 Linear regression of AMP standard curves from figure 5a. Regression analysis include n=45 samples 

from three batches for each AMP type.  

AMP type 4448 4455 

A 45.053 55.913 

B -0.167 -0.025 

R2 0.899 0.806 
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Table 3 Accuracy of AMP quantification in dark chocolates. The numbers represent the median of 

calculated AMP percentages given with standard deviations (n=5) for quantification from dark chocolates 

containing from 0.25 to 1.25% AMP.  

AMP % 4448 4455 

0.25 0.26±0.02 0.32±0.1 

0.5 0.6±0.06 0.46±0.06 

0.75 0.8±0.1 0.88±0.2 

1 1±0.1 0.94±0.2 

1.25 1.2±0.2 1.1±0.1 
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Table 4 Limit of detection and quantification. Numbers are calculated from SNR of the diphosphate peak in 

AW extracts from dark chocolates containing 0.25 and 0.5% AMP (n=10) for AMP types 4448 and 4455 

individually. The values noted are related to the AW extraction protocol and sample preparation as 

described in MM from 5 g chocolate, with measurements at 500 MHz, repetition delay 19 s, 128 scans. LOD 

and LOQ  are defined as SNR=3 and SNR=10 respectively.24 The accuracy of the quantification is based on 

data in figure 5b-c and calculated as the median numerical difference between calculated and true AMP 

contents. Medians are reported as percentages of the true values in the entire concentration range. 

Precisions indicate the median of standard deviations as percentages of their related value. 

 4448 4455 

LOD (% AMP) 0.03±0.004 0.06±0.01 

LOQ (% AMP) 0.11±0.01 0.19±0.03 

Accuracy 4% 12% 

Precision 11% 19% 
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Table 5 AMP quantification in milk chocolate containing 0.5% AMP. The numbers represent the average of 

calculated AMP percentages plus minus the standard deviations (n=3) for quantifications from milk 

chocolates containing 0.5% AMP. 

% AMP 

calculated -CB AVG +CB 

4455 0.5±0.1 0.49±0.1 0.5±1 

4448 0.48±0.03 0.46±0.03 0.49±0.03 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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