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ABSTRACT Saliva remains underexplored in metabolomics compared to widely used biofluids 

such as blood and urine. However, its non-invasive, rapid, and cost-effective collection, together 

with its suitability for self-sampling, makes it attractive for clinical and personalized medicine. 

Moreover, saliva is expected to provide complementary metabolic information to other biofluids. 
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In this context, this study aims to identify an optimal sample collection and preparation protocol 

for maximizing informative metabolomic data from salivary NMR profiles. Four preparation 

protocols, selected and adapted from the literature, were systematically compared using the number 

of identified metabolites, their concentrations, and intra-day repeatability as evaluation criteria. 

Among them, an in-house adapted method combining centrifugation, freeze-drying and 

ultrafiltration proved most effective. This approach provided the broadest metabolome coverage, 

with 42 metabolites quantified. This method was further assessed using ANOVA to determine 

intra- and inter-day precision. Most metabolites demonstrated excellent repeatability (coefficients 

of variation below 10%), confirming protocol reliability for quantitative metabolomics. Overall, 

the optimized approach yields high-quality spectra, wide metabolic coverage and strong analytical 

precision, supporting reproducible salivary NMR metabolomics. Beyond its methodological 

contribution, this work highlights saliva as a promising biofluid for diagnostics, disease monitoring 

and personalized medicine, provided that collection and preparation procedures are appropriately 

standardized. 

 

  



 3 

INTRODUCTION 1 

 2 

Saliva, a complex organic liquid secreted by the parotid, submandibular and sublingual 3 

glands, is mostly constituted of water (99 %) including electrolytes, proteins and enzymes, mucus, 4 

hormones and other small molecules such as amino acids and nucleic acids 1–3. This biofluid plays 5 

several roles in the organism such as contributing to mastication, deglutition and food tasting. 6 

Moreover, saliva is included in the digestion process thanks to its lubricant role and also provides 7 

an antimicrobial function to protect oral cavity from microorganisms 1,2. Compared to blood and 8 

urine which are well-established matrices in metabolomics, saliva has been comparatively 9 

underexplored. However, thanks to its numerous advantages such as its non-invasive, simple, fast 10 

and inexpensive collection, this biofluid has showed a growing interest in the last years in 11 

metabolomics 4–7. Since many of the components pass in salivary glands via blood by passive 12 

diffusion or active transport, saliva could in many cases reflect the metabolomic changes observed 13 

in blood 1. Salivary metabolomics has been explored across multiple fields including oral and sports 14 

medicine, toxicology, pharmacology, microbiology and nutrition 8,9. As an example, the salivary 15 

metabolome is used as a fluid to discover biomarkers in different oral and systemic pathologies 16 

such as oral cancer 10–13, Alzheimer’s 14,15, Sjögren’s syndrome 16–18, periodontal disease 19 and 17 

other oral disorders 20. It is also worth noting that some salivary metabolites reflect the functional 18 

status of the oral microbiome 21. Understanding the functional roles of salivary metabolites, as well 19 

as the interplay between the human metabolome and the salivary microbiota, presents an exciting 20 

avenue for future research 5. 21 

The potential of using in clinic salivary biomarkers as prognostic or diagnostic tools is 22 

promising but many challenges are still to overcome. Indeed, the literature based on salivary 23 

metabolomics shows a high heterogeneity between studies. Regarding pre-analytical steps, sample 24 
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collection and preparation are considerably variable from one study to another 5. It has been shown 25 

previously that saliva collection significantly impacts the resulting metabolic profiles. For instance, 26 

in a study of Figueira et al. 22, differences in composition and concentration of metabolites were 27 

found between stimulated, unstimulated and pure parotid saliva. Consequently, the protocol for 28 

salivary sample collection must be rigorously standardized across metabolomics studies to 29 

minimize variability arising from differences in collection methods.  Moreover, salivary sample 30 

preparation protocols in metabolomics remain poorly standardized. This lack of consistency can 31 

introduce substantial variability, potentially leading to conflicting or misleading conclusions across 32 

metabolomics studies. To overcome this lack of accuracy and to use saliva as an interesting biofluid 33 

in clinic, there is a need to identify a standardized and validated protocol for the saliva preparation 34 

in metabolomics.  35 

It is well established that the principal analytical platforms employed in metabolomics are 36 

mass spectrometry (MS), typically coupled with separative techniques such as liquid 37 

chromatography (LC) or gas chromatography (GC) and nuclear magnetic resonance (NMR) 38 

spectroscopy 23. With the growing emphasis on personalized medicine, an approach that adapts 39 

healthcare based on individual biological profiles, the integration of metabolomics into precision 40 

medicine requires the collection of longitudinal data and the implementation of quantitative or 41 

semi-quantitative metabolite analysis 24. Saliva appears to be a matrix particularly well-suited for 42 

longitudinal sample collection thanks to its previously described advantages, as well as the fact that 43 

it can be self-collected by the patient. Furthermore, although NMR presents certain limitations, 44 

notably lower sensitivity and spectral resolution compared to MS-based methods, it offers 45 

significant advantages. These include high reproducibility, inherent quantitative capability and 46 
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non-destructive analysis, making it a particularly suitable technique for clinical metabolomics 47 

applications and longitudinal studies 25.  48 

In most NMR-based metabolomics studies, saliva samples are only centrifuged before the 49 

addition of  phosphate buffer containing internal standards for quantification as well as 4,4-50 

dimethyl-4-silapentane-1-sulfonic acid (DSS) or sodium trimethylsilyl-[2,2,3,3-d4]-propionate 51 

(TSP) which are commonly used for chemical shift calibration at 0 ppm 4. Other studies also 52 

implemented an ultrafiltration step to remove macromolecules from samples and avoid signals due 53 

to these compounds on NMR spectra 1,10,26. Indeed, large molecules such as proteins affect the 54 

spectral quality, specifically the baseline, and may consequently mask the signals of certain 55 

metabolites 27. More recently, a protocol integrating centrifugation, ultrafiltration and freeze-drying 56 

was developed with the goal of increasing metabolites concentration and enhancing spectral 57 

sensitivity 28. Their protocol enabled the quantification of 47 metabolites versus 22 in samples 58 

prepared without lyophilization, with a five-fold increase in metabolite concentrations and the 59 

detection of previously unobserved metabolites such as phenylalanine and tyrosine. However, they 60 

also noted the loss of volatile metabolites during the lyophilization process. 61 

On the other hand, in MS-based salivary metabolomics, sample preparation often relies on 62 

centrifugation followed by solvent-based extraction protocols, typically using methanol and 63 

acetonitrile to precipitate proteins and improve metabolite recovery 1,3,29,30. Although ultrafiltration 64 

could also be used 22, the addition of organic solvents remains central in many MS workflows. 65 

While these MS-oriented protocols differ from those used for NMR, outlining them helps to 66 

illustrate the diversity of salivary preparation strategies between analytical platforms. 67 

Considering the advantages of NMR highlighted above, the present study aims to optimize 68 

a preparation protocol that maximizes relevant, informative and reproducible metabolic data from 69 
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salivary NMR profiles. In this work, we evaluated and compared three well-described and used 70 

protocols from the literature, as well as a modified version of the protocol originally developed by 71 

Quartieri et al. 28, in which we reversed the order of freeze-drying and ultrafiltration, by performing 72 

freeze-drying prior to ultrafiltration (Figure 1). This modification was based on the hypothesis that 73 

filtering the samples prior to lyophilization could increase metabolite loss during freeze-drying, 74 

compared with lyophilizing the samples first. When ultrafiltration is initially performed, 75 

macromolecules are removed, and volatile metabolites that were partially associated with them 76 

may be more easily lost during lyophilization. All protocols have been compared and discussed 77 

based on several criteria such as the number and the concentration of identified metabolites, the 78 

repeatability of the method and the aspect and resolution of spectra. The intra and inter-day 79 

precision of the best method will then be evaluated in order to identify the most informative and 80 

repeatable protocol. Developing a method that ensures acceptable intra and inter-day repeatability 81 

is crucial to confirm that the observed variations in samples reflect biological differences rather 82 

than pre-analytical and analytical variability. Considering repeatability of 1D NMR is generally 83 

around 1 % when the signal-to-noise ratio exceeds 200 31,32, observed variations above this value 84 

reflect variability introduced during sample preparation, provided that the signal is however intense 85 

enough. Besides, the repeatability of a method is acceptable if variations between replicate remains 86 

below 10 % 33. 87 

As highlighted above, stimulated and unstimulated saliva differ in composition and 88 

metabolite concentrations. For these reasons, unstimulated whole saliva was selected and collected 89 

using a passive drooling method into collection tubes. This type of saliva is the most commonly 90 

used in salivary metabolomics studies 8. In addition, its collection does not require the use of 91 

chewing stimulators such as Salivette® or paraffin wax, or taste stimulators such as citric acid 3,5,22. 92 
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The use of such stimulants in NMR-based metabolomics may introduce unwanted spectral signals 93 

coming from compounds present in chewing materials or taste-stimulation agents. Finally, the use 94 

of unstimulated saliva avoids dilution effects typically observed in stimulated saliva. Indeed, the 95 

type and intensity of stimulation can induce unwanted dilution and alter metabolite levels, whereas 96 

passive secretion minimizes these effects 2,20. Moreover, the collection protocol was designed to 97 

minimize external sources of contamination.  98 

 99 

 100 

  101 

Figure 1. Description of the four salivary protocols. Protocols 1-3 are established methods described in the literature, 
whereas protocol 4 corresponds to our in-house procedure. To compare these methods, a single saliva pool was divided 

into 20 aliquots, and 5 aliquots were prepared by method.  
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EXPERIMENTAL PROCEDURES 102 

 103 

Saliva samples were collected under standardized procedures from five healthy adult 104 

volunteers. The study was approved by the Hospitalo-Facultaire Ethics Committee of the 105 

University of Liège (reference: 707, September 23, 2014), under a general authorization for the 106 

collection of samples from healthy volunteers for technical research. All participants provided 107 

informed consent prior to inclusion in the study. All procedures were carried out in accordance 108 

with the principles of the Declaration of Helsinki. 109 

Comparison of the four protocols 110 

Sample collection 111 

Saliva was collected under non-fasting conditions with participants instructed to wait at 112 

least 2 hours after food intake and toothbrushing with toothpaste. Volunteers rinsed their mouth 113 

twice with water without swallowing, after which unstimulated saliva was provided by a drooling 114 

method. Approximately 2-3 mL of saliva per participant was collected from five individuals into 115 

sterile tubes (Labsolute® Centrifuge Tube 15 mL, TH. Geyer Laboratory, Renningen, Germany). 116 

The tubes were then centrifuged for 15 min, 3730 g, 4°C, rested on ice for 10 min and supernatants 117 

were then collected and pooled. This pool was finally separated in twenty aliquots of 500 µL to 118 

have five aliquots for each method. All these samples were then stored at -80°C before the sample 119 

preparation. 120 

Sample preparation: four protocols 121 

All the filters (AmiconUltra® 0.5 mL 3kDa cut-off, Merck KGaA, Darmstadt, Germany) 122 

were first washed five times with 500 µL milli-Q water for 5 min, 13790 g at cooling temperature. 123 
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The different methods were all performed on 500 µL of saliva per aliquot and finally diluted with 124 

phosphate buffer containing TSP and a solution of calcium formate as internal standard to have the 125 

same final concentration of calcium formate in all NMR tubes. Before selecting calcium formate 126 

as the internal standard, the presence of endogenous formate was investigated in saliva samples 127 

using a pooled sample prepared with protocol 1. Additional details are provided in Supporting 128 

Information. 129 

Protocol 1 “Centrifugation”: Five aliquots from centrifuged pooled saliva were thawed and 130 

next added with 125 µL of a buffer phosphate solution containing 0.5 mM of TSP as reference 131 

standard for the zero calibration and 50 µL of a 3.5 mM calcium formate deuterated solution as 132 

internal standard for quantification. Samples were finally analysed by 1H-NMR in 5 mm tubes. 133 

Protocol 2 “Ultrafiltration”: Five aliquots from centrifuged pooled saliva were thawed and 134 

filtered through 3 kDa filters for 90 min, 13790 g, 4°C. Whole filtrates (385 µL) were then collected 135 

and added with 240 µL of a buffer phosphate solution containing 0.2 mM of TSP and 50 µL of a 136 

3.5 mM calcium formate deuterated solution. Samples were finally analysed by 1H-NMR in 5 mm 137 

tubes. 138 

Protocol 3 “Ultrafiltration – Freeze-drying”: Five aliquots from centrifuged pooled saliva 139 

were thawed and filtered through 3 kDa filters for 90 min, 13790 g, 4°C. Whole filtrates were then 140 

collected and freeze-dried for 22 hours. Lyophilizates were then added with 278 µL of a buffer 141 

phosphate solution containing 0.075 mM of TSP and 22 µL of a 3.5 mM calcium formate 142 

deuterated solution. Samples were finally analysed by 1H-NMR in 3 mm tubes. 143 

Protocol 4 “Freeze-drying - Ultrafiltration”: Five aliquots from centrifuged pooled saliva 144 

were thawed and freeze-dried for 22 hours. Lyophilizates were then added with 278 µL of a buffer 145 
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phosphate solution containing 0.075 mM of TSP and 22 µL of a 3.5 mM calcium formate 146 

deuterated solution. Samples were then filtered through 3 kDa filters for 90 min, 13790 g, 4°C. 147 

Filtrates were finally analysed by 1H-NMR in 3 mm tubes. 148 

 149 

NMR spectroscopy 150 

All samples were recorded at 298 K on a Bruker® Neo spectrometer operating at 500.13 151 

MHz for the proton acquisition. The instrument is equipped with a 5 mm TCI cryoprobe with a Z-152 

gradient. 1H-NMR spectra were acquired using a Carr-Purcell-Meiboom-Gill (CPMG) sequence 153 

(protocol 1) and a 1D nuclear Overhauser effect spectroscopy (NOESY) presat sequence with water 154 

presaturation (protocols 2,3 and 4). CPMG experiment used a RD-90-(t-180-t)n acquire sequence 155 

with a relaxation delay (RD) of 4 s and a time between 180° pulses (t) of 0.0008 s. The number of 156 

transients was 64 and a number of 4 dummy scans was chosen. The acquisition time was set to 157 

3.2767999 s. The NOESY presat experiment used a RD-90°-T1-90°-Tm-90°-acquire sequence 158 

with a relaxation delay of 4 s, a mixing time (Tm) of 0.01 s, and a fixed T1 delay of 0.000004 s. 159 

Water suppression pulse was placed during the RD. The number of transients was 64 and a number 160 

of 4 dummy scans was chosen. The acquisition time was set to 3.1457281 s.  161 

Global spectral integration 162 

Spectra were processed using MestReNova® software (version 14.3.1, MestreLab 163 

Research, Santiago de Compostela, Spain). Baseline and phase correction was applied after which 164 

overall aliphatic (0.6 - 4.2 ppm) and overall aromatic (6.5 – 8.0 ppm) zones were integrated for 165 

each spectrum, assigning the integral value of 1 to the reference calcium formate. By method, the 166 
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mean of integral and its standard deviation (SD) have been calculated using Excel® (version 16.0, 167 

Microsoft, Redmond, WA, USA). 168 

Quantification 169 

Spectra were introduced in Chenomx® NMR Suite software (version 9.02, Chenomx Inc, 170 

Edmonton, Canada) and baseline and phase were corrected. Metabolite identification was first 171 

performed based on published literature data 1, two-dimensional NMR experiments (1H-1H 172 

correlation spectroscopy (COSY) and 1H-13C heteronuclear single quantum coherence (HSQC)), 173 

and the Human Metabolome Database (HMDB) 34, and subsequently confirmed using the 174 

Chenomx® library. Based on the formate peak (8.46 ppm), a total of 44 distinct metabolites present 175 

in NMR spectra were then quantified across all four methods. Concentrations were finally inserted 176 

in Excel® (version 16.0, Microsoft, Redmond, WA, USA) to calculate means and standard 177 

deviations of each protocol as well as fold changes between protocols.  178 

PCA analysis on buckets 179 

Spectra were processed using MestReNova® software (version 14.3.1, MestreLab 180 

Research, Santiago de Compostela, Spain). Baseline and phase corrections were applied, and the 181 

spectral intensities were normalized on the formate peak and reduced to integrated regions of equal 182 

width (0.04 ppm) corresponding to the 0.5-9.0 ppm region. The residual signals of water (4.5-5.1 183 

ppm), TSP (-0.5-0.5 ppm) and the glycerol signals coming from the filter (3.53-3.60 ppm and 3.63-184 

3.68 ppm) were removed before analysis. The reduced and normalized NMR spectral data were 185 

imported into SIMCA® (version 16.0.1, Sartorius, Goettingen, Germany). Buckets corresponding 186 

to calcium formate were excluded and unit variance (UV) scaling was applied to bucket tables. 187 

Unsupervised analysis (principal component analysis, PCA) was performed and a list with all PC 188 
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scores of samples from the first three components was extracted. Per method, the standard 189 

deviations of PC scores from five replicates were calculated with Excel® (version 16.0, Microsoft, 190 

Redmond, WA, USA). 191 

Intra and inter-day precision of the chosen method 192 

Sample collection and preparation 193 

Saliva was collected under non-fasting conditions with participants instructed to wait at 194 

least 2 hours after food intake and toothbrushing with toothpaste. Volunteers rinsed their mouth 195 

twice with water without swallowing, after which unstimulated saliva was provided by a drooling 196 

method. Approximately 2-3 mL of saliva per participant was collected from four individuals into 197 

sterile tubes (Labsolute® Centrifuge Tube 15 mL, TH. Geyer Laboratory, Renningen, Germany). 198 

The tubes were then centrifuged for 15 min, 3730 g, 4°C, rested on ice for 10 min and supernatants 199 

were collected and pooled. This pool was finally separated in fifteen aliquots of 500 µL to have 200 

five aliquots by day and to repeat the analysis on three days. All these samples were then stored at 201 

-80°C before the sample preparation according to the protocol “Freeze-drying – Ultrafiltration”.  202 

Statistical analyses 203 

Spectra were first acquired using a NOESY presat experiment as described above. They 204 

were then introduced in Chenomx® NMR Suite software (version 9.02, Chenomx Inc, Edmonton, 205 

Canada) and baseline and phase were corrected. Using the formate peak (8.46 ppm) as a reference, 206 

41 metabolites were identified and quantified. For each metabolite, an analysis of variance 207 

(ANOVA) was then performed to give both intra and inter-day precision of the protocol by 208 

extracting standard deviations of intra and inter-day variability using R version 4.3.1. Coefficients 209 
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of variation (CV) were then calculated with Excel® (version 16.0, Microsoft, Redmond, WA, 210 

USA). 211 

212 
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RESULTS 213 

 214 

Comparison of the four protocols 215 

First, the 1H NMR spectra of saliva from methods 1, 2, 3 and 4 (centrifuged, ultrafiltered, 216 

ultrafiltered/freeze-dried and freeze-dried/ultrafiltered saliva, respectively) were qualitatively 217 

compared by assigning the same integral value to the formate peak (Figure 2A). As seen in Figures 218 

2B and C, which display the different spectra in the aliphatic region between 0.6 and 4.4 ppm, the 219 

spectrum from protocol 1 still exhibits huge broad signals attributable to macromolecules (0.8-1.0 220 

ppm; 1.6-1.8 ppm; 1.9-2.5 ppm) affecting the baseline compared to the other three methods. 221 

Moreover, the ultrafiltration step (methods 2, 3 and 4) results in a flatter baseline and better 222 

resolved peaks than the centrifugation-only protocol (method 1), with no residual macromolecular 223 

signals. In addition, methods 3 and 4, which include both ultrafiltration and freeze-drying steps 224 

(but in different order) show an overall more intense signal in the aliphatic zone compared to the 225 

methods without this step. This is further illustrated in Table 1, which presents the global integral 226 

values of each spectrum for both the aliphatic and aromatic zones. Protocol 2, which involves only 227 

ultrafiltration, shows an overall aliphatic integral almost four times lower than protocols 3 and 4 228 

and nearly three times lower than protocol 1. These observations indicate that freeze-drying step 229 

has improved the signal-to-noise ratio in the aliphatic zone by concentrating samples, whereas 230 

ultrafiltration alone, despite yielding cleaner spectra, results in lower signal intensity than method 231 

1 employing only centrifugation.  232 

Besides, in the aromatic zone between 6.5 and 8.0 ppm (Figure 2D), the spectrum of saliva 233 

prepared with protocol 1 shows the most intense overall signal compared to the other methods, 234 

followed by protocol 4, 3 and finally 2 (see Table 1). Thus, while ultrafiltration contributes to the 235 



 15 

loss of aromatic signals, performing freeze-drying prior to ultrafiltration (protocol 4) allows to 236 

minimize this loss of signal. Additionally, the standard deviations of the integrals from five 237 

replicates in protocol 1 are higher than those observed in the other methods for both aliphatic and 238 

aromatic regions, concluding in a higher analytical variability. 239 

240 

Figure 2. (A) Whole 1H-NMR spectra of salivary samples (1) only centrifuged, (2) centrifuged and ultrafiltered, (3) 
centrifuged, ultrafiltered and then freeze-dried, (4) centrifuged, freeze-dried and then ultrafiltered. (B), (C), (D) 

Expanded regions of the 1H-NMR spectra : (B) 0.8 to 2.7 ppm; (C) 2.7 to 4.2 ppm; (D) 5.5 to 8.1 ppm. 
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Table 1. Global integral values ± SD of aliphatic and aromatic zones of the different methods. 241 

Integrals were calculated and normalized to the internal standard (calcium formate) 242 

 Protocol 1 Protocol 2 Protocol 3 Protocol 4 
Aliphatic zone 
(0.6 – 4.2 ppm) 62.6 ± 16.1 23.6 ± 2.0 74.7 ± 4.0 82.4 ± 6.5 

Aromatic zone 
(6.5 – 8.0 ppm) 1.7 ± 1.2 0.5 ± 0.1 0.6 ± 0.1 1.1 ± 0.03 

 243 

 244 

Furthermore, to deepen the analysis, metabolite identification and quantification were 245 

performed using Chenomx software, aiming to detect the maximum number of compounds 246 

possible. It is important to note, however, that the quantification of metabolites obtained with 247 

method 1 is not optimal, as macromolecular signals remain in the spectra despite the use of a CPMG 248 

sequence, resulting in a less flat baseline compared with protocols 2, 3 and 4 including a filtration 249 

step. As expected, the number and concentration of metabolites vary between methods.  250 

A total of 44 distinct metabolites is detected across all four methods. Among these, 40, 39, 251 

37 and 42 metabolites are identified and quantified in the 1D spectra obtained with methods 1 252 

(centrifugation), 2 (ultrafiltration), 3 (ultrafiltration followed by freeze-drying) and 4 (freeze-253 

drying followed by ultrafiltration), respectively. Importantly, most of these metabolites are shared 254 

across all protocols, indicating a substantial overlap in metabolite coverage despite the different 255 

preparation procedures. However, while the qualitative profiles are similar, the quantitative levels 256 

of metabolite vary between protocols. As presented in Table 2, which reports the mean 257 

concentrations of each metabolite by method, protocol 4 reveals the highest concentrations for 26 258 

of the 44 detected metabolites, compared to 10, 2 and 8 for protocols 1, 2 and 3, respectively.  259 
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Besides, the protocols without lyophilization (1 and 2) allow an increased detection of 260 

acetate, acetoin, ethanol, trimethylamine and urea, in comparison to those including a freeze-drying 261 

step (3 and 4). However, nearly all other metabolites show decreased concentrations in the absence 262 

of lyophilization. Additionally, 3-phenylpropionate and glycine are not detected in protocols 1 and 263 

2 but are identified in protocols 3 and 4. Moreover, method 1 does not allow the quantification of 264 

acetoacetate and creatine while aspartate, isoleucine and ornithine are not detected in method 2. 265 

Furthermore, compared to the “freeze-drying followed by ultrafiltration” protocol (method 4), the 266 

protocol involving ultrafiltration followed by freeze-drying (method 3) does not allow the detection 267 

of acetoin, butyrate, isocaproate, isovalerate and urea (Table 2). 268 

 269 

Table 2. Final metabolite concentrations determined by 1D 1H NMR after only centrifugation or 270 

ultrafiltration or ultrafiltration followed by freeze-drying or freeze-drying followed by 271 

ultrafiltration 272 

Metabolite (µM) Protocol 1 Protocol 2 Protocol 3 Protocol 4 
3-Phenylpropionate nd nd 3.6 ± 0.5 4.04 ± 0.2 
5-Aminopentanoate 17.6 ± 3.6 15.5 ± 0.6 55.2 ± 2.7 54.8 ± 3.4 
Acetate 449.3 ± 8.0 319.9 ± 3.5 83.3 ± 4.0 312.0 ± 25.0 
Acetoacetate nd 0.7 ± 0.1 1.9 ± 0.2 2.3 ± 0.3 
Acetoin 3.6 ± 0.7 2.62 ± 0.2 nd 1.6 ± 0.4 
Alanine 6.2 ± 0.4 4.3 ± 0.2 15.8 ± 0.8 15.7 ± 1.3 
Aspartate 5.6 ± 1.8 nd 6.4 ± 0.9 6.1 ± 0.3 
Betaine 0.5 ± 0.2 0.6 ± 0.1 1.7 ± 0.5 1.9 ± 0.2 
Butyrate 
Choline 

13.6 ± 1.5 13.2 ± 0.5 nd 22.4 ± 2.4 
2.9 ± 0.2 1.2 ± 0.04 4.0 ± 0.1 4.2 ± 0.2 

Citrate 9.2 ± 0.8 11.6 ± 0.4 41.4 ± 1.8 40.5 ± 1.7 
Creatine nd 3.1 ± 0.3 9.8 ± 0.5 9.8 ± 0.9 
Creatinine 3.1 ± 0.3 1.6 ± 0.4 3.6 ± 0.3 3.8 ± 0.3 
Dimethylamine 0.8 ± 0.1 0.7 ± 0.1 1.6 ± 0.3 1.9 ± 0.2 
Ethanol 6.9 ± 0.3 7.6 ± 0.3 nd nd 
Ethanolamine 21.1 ± 1.2 4.5 ± 0.9 15.9 ± 0.7 15.5 ± 1.1 
Fucose 10.5 ± 1.1 1.9 ± 0.2 7.5 ± 0.3 7.1 ± 0.6 
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Glucose 76.7 ± 6.3 32.7 ± 4.1 116.2 ± 9.1 119.4 ± 13.6 
Glycerophosphocholine 1.4 ± 0.2 1.5 ± 0.2 5.5 ± 0.3 5.6 ± 0.4 
Glycine nd nd 22.4 ± 1.6 22.6 ± 0.7 
Glycolate 10.5 ± 0.4 7.6 ± 0.5 27.0 ± 2.1 29.0 ± 2.6 
Histidine 15.1 ± 0.4 2.3 ± 0.3 4.9 ± 0.3 5.7 ± 0.3 
Isocaproate 1.1 ± 0.07 1.2 ± 0.1 nd 2.4 ± 0.3 
Isoleucine 1.7 ± 0.3 nd 1.7 ± 0.3 1.2 ± 0.1 
Isovalerate 1.4 ± 0.1 1.5 ± 0.1 nd 4.0 ± 0.4 
Lactate 150.4 ± 17.7 170.1 ± 9.6 481.0 ± 14.9 554.6 ± 26.1 
Leucine 3.2 ± 0.1 1.3 ± 0.1 4.7 ± 0.2 5.1 ± 0.5 
Methylamine 0.9 ± 0.1 0.6 ± 0.1 2.2 ± 0.2 2.3 ± 0.2 
O-Phosphoethanolamine 29.8 ± 2.6 22.9 ± 0.9 82.1 ± 5.4 81.6 ± 4.6 
Ornithine 3.9 ± 0.8 nd 5.7 ± 0.8 5.8 ± 0.9 
Phenylacetate 1.5 ± 0.2 1.4 ± 0.5 3.1 ± 0.2 3.5 ± 0.5 
Phenylalanine 7.5 ± 0.8 2.0 ± 0.3 6.0 ± 0.5 6.7 ± 0.5 
Proline 12.8 ± 2.3 5.0 ± 1.3 17.3 ± 4.4 18.2 ± 3.4 
Propionate 90.8 ± 4.7 79.0 ± 5.3 13.1 ± 1.0 81.7 ± 7.2 
Putrescine 3.3 ± 0.7 3.0 ± 0.3 12.0 ± 0.7 12.2 ± 0.4 
Pyruvate 22.5 ± 1.5 18.1 ± 0.5 34.6 ± 1.7 50.7 ± 2.9 
Sarcosine 0.6 ± 0.1 0.7 ± 0.1 2.6 ± 0.3 2.5 ± 0.2 
Succinate 16.7 ± 0.5 17.5 ± 0.6 60.9 ± 1.6 66.7 ± 4.0 
Sucrose 33.3 ± 1.7 50.5 ± 1.7 196.3 ± 9.5 199.4 ± 15.4 
Taurine 17.4 ± 2.6 15.4 ± 1.2 52.9 ± 6.6 65.2 ± 4.9 
Trimethylamine 0.6 ± 0.1 0.4 ± 0.1 nd nd 
Tyrosine 13.4 ± 0.4 3.2 ± 0.1 10.1 ± 0.8 9.8 ± 0.6 
Urea 89.7 ± 12.4 204.3 ± 16.5 nd 29.5 ± 1.2 
Valine 1.3 ± 0.2 1.0 ± 0.1 3.5 ± 0.2 3.8 ± 0.3 

Note : nd = not detected 273 

 274 

Finally, as shown in Table 3, presenting the fold changes of each metabolite between two 275 

methods, the centrifugation-only protocol (method 1) yields higher signal intensities for most 276 

metabolites compared to protocol 2 (centrifugation followed by ultrafiltration), with the exception 277 

of acetoacetate, betaine, citrate, creatine, ethanol, glycerophosphocholine, isocaproate, isovalerate, 278 

lactate, sarcosine, succinate, sucrose and urea. In contrast, when a freeze-drying step is added to 279 

the ultrafiltration process (protocols 3 and 4), the trend is reversed.  Indeed, most metabolites 280 

exhibit higher concentrations in protocols 3 and 4 compared to protocol 1, with the exception of 281 
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fucose and urea as well as certain volatile aliphatic compounds (acetate, acetoin, ethanolamine and 282 

propionate) and aromatic amino acids such as histidine, phenylalanine and tyrosine.  283 

Furthermore, to evaluate the impact of the order of manipulations, fold changes between 284 

methods 3 and 4 were also calculated. Results indicate that performing freeze-drying prior to 285 

ultrafiltration (protocol 4) gives higher concentrations for nearly all metabolites, except for 5-286 

aminopentanoate, alanine, aspartate, citrate, ethanolamine, fucose, isoleucine, O-287 

phosphoethanolamine, sarcosine and tyrosine. However, these ten last metabolites have a fold 288 

change very close to 1, indicating minimal differences between the two protocols. An interesting 289 

finding is that volatile compounds such as acetoin, acetate, butyrate, isocaproate, isovalerate, 290 

propionate and urea are decreased or even absent in protocol 3 in contrast to protocol 4. This 291 

observation suggests that the sequence of preparative steps (freeze-drying and ultrafiltration) 292 

significantly impacts the recovery and detection of volatile metabolite signals in the resulting 293 

spectra. 294 

Table 3. Fold changes of mean metabolites concentration between different protocols: only 295 
centrifuged saliva (method 1); ultrafiltered saliva (method 2); ultrafiltered then freeze-dried saliva 296 
(method 3); freeze-dried then ultrafiltered saliva (method 4) 297 

Metabolite 

Fold change 
between 

method 1 and 
2a 

Fold change 
between 

method 1 and 
3b 

Fold change 
between 

method 1 and 
4c 

Fold change 
between 

method 3 and 
4d 

3-Phenylpropionate n.a n.a n.a 0.89 
5-Aminopentanoate 1.13 0.32 0.32 1.01 
Acetate 1.40 5.39 1.44 0.27 
Acetoacetate n.a n.a n.a 0.83 
Acetoin 1.36 n.a 2.23 n.a 
Alanine 1.42 0.39 0.39 1.01 
Aspartate n.a 0.88 0.92 1.05 
Betaine 0.83 0.29 0.26 0.89 
Butyrate 1.03 n.a 0.61 n.a 
Choline 2.34 0.72 0.67 0.94 
Citrate 0.80 0.22 0.23 1.02 
Creatine n.a n.a n.a 1.00 
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Creatinine 1.94 0.86 0.82 0.95 
Dimethylamine 1.14 0.50 0.42 0.84 
Ethanol 0.90 n.a n.a n.a 
Ethanolamine 4.71 1.33 1.36 1.03 
Fucose 5.56 1.39 1.47 1.06 
Glucose 2.35 0.66 0.64 0.97 
Glycerophosphocholine 0.93 0.25 0.25 0.98 
Glycine n.a n.a n.a 0.99 
Glycolate 1.38 0.39 0.36 0.93 
Histidine 6.44 3.05 2.62 0.86 
Isocaproate 0.51 n.a 0.25 n.a 
Isoleucine n.a 1.00 1.39 1.39 
Isovalerate 0.91 n.a 0.34 n.a 
Lactate 0.88 0.31 0.27 0.87 
Leucine 2.48 0.67 0.62 0.92 
O-Phosphoethanolamine 1.30 0.36 0.37 1.01 
Ornithine n.a 0.68 0.67 0.98 
Phenylacetate 1.59 0.71 0.62 0.88 
Phenylalanine 3.74 1.25 1.11 0.89 
Proline 2.56 0.74 0.70 0.95 
Propionate 1.15 6.93 1.11 0.16 
Putrescine 1.09 0.27 0.27 0.98 
Pyruvate 1.24 0.65 0.44 0.68 
Sarcosine 0.86 0.23 0.24 1.04 
Succinate 0.95 0.27 0.25 0.91 
Sucrose 0.66 0.17 0.17 0.98 
Taurine 1.13 0.33 0.27 0.81 
Trimethylamine 1.50 n.a n.a n.a 
Tyrosine 4.17 1.33 1.36 1.03 
Urea 0.49 n.a 3.05 n.a 
Valine 1.35 0.37 0.35 0.94 

Note: n.a = not applicable (at least one metabolite mean concentration is equal to 0). a,b,cValues > 298 
1 indicates higher and <1 lower metabolite concentration in centrifugation method (protocol 1) 299 
compared to method 2, 3 or 4. dValues > 1 indicates higher and <1 lower metabolite concentration 300 
in ultrafiltration/freeze-drying method (protocol 3) compared to freeze-drying/ultrafiltration 301 
method (protocol 4). 302 

  303 
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In addition to the previously discussed results, it is also important to assess the intra-day 304 

repeatability of each method. For this purpose, a PCA was performed on the binned spectral data, 305 

as described in the Methods section (Figure 3). PCA scores for PC1, PC2 and PC3 were extracted 306 

from each sample, and the standard deviations of these components were then calculated for each 307 

protocol (Table 4). The results indicate that the least repeatable method is the centrifugation-only 308 

protocol (method 1), followed by method 2 (centrifugation plus ultrafiltration). When comparing 309 

the two methods that include both ultrafiltration and freeze-drying steps (protocols 3 and 4), the 310 

standard deviations are similar, although protocol 3 (the ultrafiltration followed by freeze-drying) 311 

shows the lowest SD values. To further investigate the origin of the higher variability observed for 312 

protocol 1, the spectral regions contributing most to this variability were identified using the PCA 313 

loading plots (data not shown). The regions mainly responsible for the dispersion were found 314 

between 1.98 and 3.02 ppm, containing signals from macromolecules, and between 4.18 and 4.50 315 

ppm, a region close to the residual water signal. Inspection of the overlapped 1H-NMR spectra 316 

from the five replicates prepared using protocol 1 (see Figure S2 in Supporting Information) 317 

showed that these regions do not properly overlap, reflecting differences in baseline height across 318 

samples.  319 

 320 

 321 

 322 

 323 

 324 

 325 
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 327 
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 329 

 330 

 331 

 332 

Table 4. Standard deviations of the 3 PCA scores for each of the saliva preparation methods 333 

(coming from the PCA plots in Figure 3) 334 

 PC1 (72.1 %) PC2 (23.7 %) PC3 (3.8 %) 
Protocol 1 13.94 2.23 7.16 
Protocol 2 2.22 1.55 2.01 
Protocol 3 0.58 0.48 0.58 
Protocol 4 1.03 1.14 0.92 

 335 

Taken together, these observations indicate that although protocol 3 exhibited the highest 336 

intra-day repeatability, protocol 4 showed the second-highest repeatability, with values close to 337 

those observed for protocol 3. Accordingly, the protocol employing a centrifugation followed by a 338 

freeze-drying and finally an ultrafiltration (protocol 4) yields to a good spectral resolution, an 339 

overall better signal-to-noise ratio, the best covering of saliva metabolome and a good intra-day 340 

repeatability, representing the best compromise among the evaluated protocols. A further analysis 341 

of the chosen protocol needs however to be done to study both the intra and inter-day precision in 342 

order to fully validate this protocol for routine metabolomics applications. 343 

Figure 3. PCA analysis (based on buckets) of all samples including the five replicates per method. 

Method 2 
Method 3 
Method 4 
Method 1 
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Intra and inter-day precision of the chosen protocol 344 

 345 

To achieve this goal, saliva samples collected from four individuals were centrifuged, and 346 

the resulting supernatants were pooled. This pooled sample was then divided into fifteen aliquots, 347 

stored at -80°C. Each day, five replicates were prepared according to the selected “Freeze-348 

drying/ultrafiltration” protocol. After quantifying 41 metabolites, an ANOVA was performed for 349 

each metabolite to separately assess intra and inter-day variability. CV were finally extracted from 350 

the analysis (see Figure 4).  351 

 352 

 353 

Figure 4. Analysis of the intra and inter-day precision of the chosen protocol « freeze-drying-ultrafiltration »:  Intra-
day and inter-day Coefficients of Variation (CV %) of each metabolite extracted from the ANOVA analyses. 
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As explained above, the repeatability of the method is acceptable if variations between 354 

replicate remains below 10 %. As results, three metabolites, phenylacetate, methylamine and 355 

putrescine have intra-day CVs slightly above 10 %, with values of 12.91, 12.16 and 11.21 %, 356 

respectively. Five other metabolites, ornithine, 5-aminopentanoate, creatinine, isocaproate and 357 

betaine have a CV value just below the threshold of 10 % (9.96, 9.73, 9.68, 9.39 and 9.28 %, 358 

respectively). Regarding inter-day variability, putrescine again shows a CV above 10 % (11.64 %) 359 

as well as ornithine (11.66 %), while 5-aminopentanoate and leucine have CVs slightly below but 360 

close to the 10% cut-off (9.30 and 9.82 %, respectively). To further investigate whether higher CV 361 

values were related to metabolite concentration, Table 5 indicates that metabolites exhibiting 362 

higher intra-day, inter-day, or both CVs (> 8 %) are generally those with the lowest mean 363 

concentrations, corresponding to lower signal-to-noise ratio. 364 

365 
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Table 5.  Mean metabolite concentrations obtained per day (5 replicates) for intra and inter-day 366 
precision evaluation of protocol 4, along with intra- and inter-day CVs. Metabolites are ranked 367 
from the lowest to the highest concentration.  368 

Metabolite Day 1 
(µM) 

Day 2 
(µM) 

Day 3 
(µM) 

Intra-day 
CV (%) 

Inter-day 
CV (%) 

Valine 0.6 0.6 0.6 8.2 3.7 
Isocaproate 0.7 0.7 0.8 9.4 3.6 
Methylamine 0.7 0.8 0.6 12.2 8.4 
Dimethylamine 0.8 0.8 0.8 5.5 1.4 
Choline 0.8 0.9 0.8 8.8 0.0 
Sarcosine 1.0 1.0 1.0 8.8 0.0 
Isovalerate 1.0 1.0 1.1 5.6 2.9 
Betaine 1.2 1.2 1.2 9.3 0.0 
Glycerophosphocholine 1.6 1.4 1.4 8.9 6.3 
1,7-Dimethylxanthine 1.7 1.7 1.7 3.7 1.2 
3-Phenylpropionate 1.7 1.7 1.7 6.4 0.0 
Creatinine 1.8 1.9 1.9 9.7 0.0 
Leucine 1.8 1.6 1.5 7.2 9.8 
Phenylacetate 2.6 2.5 2.5 12.9 0.0 
Phenylalanine 4.1 3.8 3.9 8.0 0.0 
Fucose 4.3 4.1 3.9 3.2 4.5 
Histidine 4.3 4.2 4.1 5.1 2.4 
Creatine 4.4 4.3 4.4 5.8 0.0 
Caffeine 5.1 4.9 4.5 2.9 6.3 
Ethanolamine 5.2 5.3 5.1 8.8 0.0 
Alanine 6.2 6.0 6.0 3.9 0.0 
Ornithine 6.2 5.1 4.9 10.0 11.7 
Proline 8.7 7.4 8.1 6.7 7.4 
Tyrosine 10.8 10.0 10.0 5.5 4.0 
Putrescine 11.2 9.2 8.9 11.2 11.6 
Sucrose 12.7 12.1 12.1 7.8 0.0 
Xanthine 13.5 13.5 13.4 7.7 0.0 
Butyrate 14.7 13.2 13.5 5.9 5.3 
Glycine 17.6 16.3 17.3 5.6 3.2 
Taurine 18.9 18.4 17.9 3.7 2.0 
Glucose 19.7 19.3 19.3 4.5 0.0 
Glycolate 20.8 20.6 19.7 7.0 0.0 
Pyruvate 29.6 27.2 27.3 2.3 4.7 
Succinate 31.9 30.0 29.9 2.2 3.4 
Citrate 35.8 34.9 36.2 4.2 0.0 
O-Phosphoethanolamine 47.0 44.8 44.1 5.5 2.2 
5-Aminopentanoate 54.9 48.3 44.9 9.7 9.3 
Propionate 72.4 63.9 65.1 7.2 6.0 
Lactate 236.4 242.5 237.7 4.8 0.0 
Formate 279.4 279.7 281.0 0.6 0.2 
Acetate 329.9 318.3 320.8 4.5 0.0 
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Note: Metabolites shown in bold present intra- and/or inter-day CV values close to (between 8 and 369 
10%) or exceeding the 10% threshold. 370 

  371 
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DISCUSSION 372 

 373 

In many previous articles, saliva samples for metabolomics analysis were mainly prepared 374 

using a simple centrifugation step to partially remove macromolecules from the sample matrix. 375 

Gardner et al. 4 developed a 1H NMR-based metabolomics protocol that includes such a 376 

centrifugation step. However, it seems that this type of preparation is not optimal since we 377 

demonstrated in this study that macromolecules signals are present in the samples. Thus, the use 378 

of a CPMG pulse sequence is therefore mandatory to suppress subsequent signal of large 379 

molecules. Nevertheless, this sequence is not ideally suited for absolute quantification of 380 

metabolites, as it only partially removes broad signals from macromolecules, leading to a less flat 381 

baseline compared to the NOESY-presat sequence. Moreover, an accurate quantification is a 382 

critical consideration in clinical and precision medicine applications.  383 

The increased inter-replicate variability observed for protocol 1 compared with the other 384 

methods further supports these observations. In particular, the spectral region between 1.98 and 385 

3.02 ppm was identified as a major contributor to the variability of this protocol. This region is 386 

dominated by residual macromolecular signals whose attenuation by the CPMG T2 filter can vary 387 

between replicates, depending on macromolecular content and relaxation properties 35, leading to 388 

baseline fluctuations. In addition, the spectral region between 4.18 and 4.50 ppm, located close to 389 

the residual water signal, was also found to be more variable between replicates. While the 390 

NOESY-presat sequence has been specifically developed to achieve efficient water suppression, 391 

the use of water presaturation in combination with a CPMG T2 filter can be more sensitive to 392 

sample composition, potentially resulting in increased baseline distortions in regions adjacent to 393 

the water signal. Taken together, these effects contribute to the reduced intra-day repeatability 394 
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observed for protocol 1 compared with protocols including an ultrafiltration step and the use of a 395 

NOESY-presat sequence. 396 

This lack of quality has led various researchers to complement centrifugation with an 397 

additional ultrafiltration step 1,10,26, following protocols commonly applied in blood sample 398 

preparation. However, despite the use of filters in some studies, comparison of saliva only 399 

centrifuged or centrifuged with an ultrafiltration has rarely been discussed. To our knowledge, the 400 

only study comparing these two methods has been done by Quartieri et al. 28, who reported that 401 

removing proteins signals improved spectral quality.  402 

In our study, ultrafiltration also improved spectral quality by eliminating broad signals from 403 

mucus, proteins and other particulates, resulting in a flatter baseline. As detailed in the Results 404 

section, the appearance of spectra and comparison of overall integral values in the aliphatic region 405 

between the protocols 1 (centrifugation) and 2 (ultrafiltration) revealed that centrifuged samples 406 

retained, as expected, residual macromolecular signals. Spectra from these samples exhibited 407 

nearly threefold higher overall integrals compared to those prepared with an additional 408 

ultrafiltration step. Although partial retention of metabolites on the filter cannot be excluded, the 409 

increased global integral observed in centrifuged samples could reflect the residual 410 

macromolecular signals that affect the baseline and were therefore included in the integral values. 411 

Moreover, although we identified and quantified a similar number of metabolites in both protocols 412 

(40 metabolites in protocol 1 and 39 metabolites in protocol 2), the metabolic profiles differed, 413 

with certain metabolites detected exclusively in one protocol or the other. Additionally, it is worth 414 

noting that metabolite concentrations are generally lower in ultrafiltered samples, particularly in 415 

the aromatic region. While partial retention of metabolites by the filter cannot be entirely excluded, 416 

previous works have shown that aromatic compounds, including histidine, tyrosine, and 417 
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phenylalanine, strongly bind to proteins 36. These metabolites could therefore be retained on the 418 

filter due to these interactions, resulting in decreased concentrations of aromatic compounds in the 419 

filtrate.  420 

Because ultrafiltration leads to a loss of sensitivity, adding a freeze-drying step may be 421 

required to improve sensitivity while preserving spectral quality. Thus, researchers and particularly 422 

Quartieri et al. 28 implemented a lyophilization step of salivary samples in addition to ultrafiltration. 423 

Their study optimized the protocol by first centrifuging, ultrafiltering, and finally freeze-drying the 424 

samples. In our study, we further evaluated whether the order of ultrafiltration and lyophilization 425 

affects the quality of 1H NMR spectra. Our results indicate that the sequence of preparation steps 426 

is indeed critical. When lyophilization is performed before ultrafiltration, the resulting spectra 427 

exhibit an overall more intense signal compared to the reverse order. Using this approach, 42 428 

metabolites are identified and quantified (protocol 4) against 37 when ultrafiltration preceded 429 

lyophilization (protocol 3). Furthermore, some volatile metabolites are decreased or even absent in 430 

method 3 compared to method 4. We hypothesize that during freeze-drying, macromolecules retain 431 

certain small volatile metabolites by binding to them, thereby preventing their evaporation. In 432 

contrast, ultrafiltration before lyophilization removes these macromolecular complexes, resulting 433 

in the loss of volatile compounds.  434 

Surprisingly, among the four tested protocols in the present work, the method 3 435 

(ultrafiltration - freeze-drying) is the protocol leading to the least number of identified metabolites 436 

which contrasts with the findings reported by Quartieri et al. 28. In their study, only 13 metabolites 437 

were identified in centrifuged samples (protocol 1) against 22 metabolites when ultrafiltration was 438 

applied (protocol 2) and up to 47 metabolites when a subsequent freeze-drying step was included 439 

(protocol 3). A critical detail in their methodology is the use of 1H-NMR NOESY-presat sequences 440 
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for all the samples. This likely limited metabolite detection in method 1 (centrifuged samples) 441 

because of the large macromolecular signals in spectra. In contrast, our study employed a CPMG 442 

sequence for this method, which attenuates broad signals from macromolecules and therefore 443 

enabling the identification of 40 metabolites. Regarding the impact of the freeze-drying step 444 

following ultrafiltration (method 3), as highlighted by Quartieri et al 28, our comparison of protocols 445 

2 (“ultrafiltration”) and 3 (“ultrafiltration - freeze-drying”) similarly shows increased concentration 446 

for most of the metabolites in the “ultrafiltration-freeze-drying” protocol compared to ultrafiltration 447 

alone. Nevertheless, contrary to their results, the total number of metabolites identified in 448 

ultrafiltered and subsequently freeze-dried samples (protocol 3) was lower than in only ultrafiltered 449 

samples (protocol 2). This decrease can be essentially attributed to the loss of volatile metabolites 450 

during the lyophilization process. 451 

Next, it is important to note that methodological divergences between the two studies may 452 

partly account for these differences, including the number of metabolites identified, with 47 453 

reported in their study compared with 37 in the present work using the same protocol. While 454 

Quartieri et al. 28 analysed submandibular and sublingual saliva, a saliva type rarely investigated 455 

in the literature, our work focused on unstimulated whole saliva, which is more widely used in 456 

metabolomics studies. The use of a different type of saliva could therefore explain variations in 457 

metabolite profiles, concentrations, and the resulting conclusions. Furthermore, the work of 458 

Quartieri et al. 28 did not report inter-day repeatability and provided only limited information on 459 

intra-day repeatability, based on three samples and seven metabolites. Consequently, among the 460 

47 metabolites they identified, it remains uncertain whether all yield sufficient analytical 461 

repeatability to support reliable application in a clinical context. 462 
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Finally, the repeatability and inter-day precision of our protocol of choice (freeze-drying -463 

ultrafiltration; method 4) were evaluated, which, to our knowledge, have never been previously 464 

studied for salivary metabolomics using NMR. Results show that this in-house method provides 465 

good intra and inter-day precision. Only three metabolites, methylamine, phenylacetate and 466 

putrescine have intra-day CV slightly above 10%. For inter-day precision, only ornithine and 467 

putrescine exceed this threshold. First, the variability observed for methylamine is likely due to its 468 

low signal-to-noise ratio (approximately 5). Similarly, the higher variability of phenylacetate may 469 

result both from its low signal-to-noise ratio (around 5) and from the overlap of its signal with the 470 

one of phenylalanine, thus reducing quantification accuracy. On the other hand, the increased 471 

variability of ornithine and putrescine could be the result of a fluctuating bacterial activity. Indeed, 472 

putrescine is a metabolite produced by microorganisms from salivary microbiota via the 473 

decarboxylation of ornithine catalysed by ornithine decarboxylase 37. Residual microbial activity 474 

may persist in the samples despite -80°C storage, potentially leading to ongoing production of both 475 

metabolites. Moreover, it is well established that NMR repeatability decreases as the signal-to-476 

noise ratio decreases 31. Consequently, higher CV values are more likely to be observed for 477 

metabolites present at low concentrations, as presented in Results section. In this context, it is 478 

noteworthy that, aside from the metabolites discussed above with CVs exceeding 10%, other 479 

metabolites with higher variability still exhibit intra- and inter-day CVs below the 10% threshold. 480 

Despite these minor variations, the intra and inter-day repeatability of the optimized protocol are 481 

acceptable as long as these variabilities are considering when conducting a metabolomics study on 482 

salivary samples. 483 

Among the tested protocols, including those previously described in the literature, our in-484 

house method yielded the highest number of identified and quantified metabolites, most of which 485 
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also exhibited the highest signal intensities. Only two metabolites, ethanol and trimethylamine 486 

were not detected in this method compared to protocols without a freeze-drying step. This 487 

observation is important if a targeted metabolomics study focusing on one of these metabolites 488 

must be conducted. Despite this limitation, this protocol enabled the detection of two metabolites, 489 

3-phenylpropionate and glycine, not observed in the methods without lyophilization. This 490 

improvement is largely attributable to the freeze-drying step, which concentrated the samples and 491 

enhanced their signal-to-noise ratio, allowing the detection of metabolites previously below the 1D 492 

NMR detection threshold. Additionally, the insertion of lyophilization helped mitigate the loss of 493 

aromatic amino acids typically associated with ultrafiltration. Moreover, by reversing the order of 494 

ultrafiltration and lyophilization compared to the protocol proposed by Quartier et al. 28, we were 495 

able to limit the loss of volatile metabolites during freeze-drying as observed in protocol 3.  496 

For high-throughput applications, protocols involving freeze-drying are limited by the long 497 

lyophilization time (22h), making them less suitable for rapid and large-scale analyses. In this 498 

context, protocol 1 represents the most time-efficient option. However, good analytical 499 

repeatability is essential for clinical implementation, and this criterion was not fulfilled by protocol 500 

1 in this study. Although further optimization could be considered, such as modifying CPMG 501 

parameters, using alternative pulse sequences, or applying computational approaches to reduce 502 

macromolecular contributions such as SMoIESY 38, variability related to residual macromolecular 503 

content after centrifugation step could persist. Consequently, protocol 1 may be suitable for high-504 

throughput analyses targeting metabolites located in reproducible spectral regions, but alternative 505 

approaches should be considered when metabolites of interest lie in more variable regions. Protocol 506 

2 may represent an intermediate compromise, offering improved repeatability. This approach, 507 

however, requires additional time (approximately 1.5h), incurs higher costs due to filtration 508 



 33 

devices, and may lead to the loss of certain metabolites. Nevertheless, for high-throughput 509 

applications requiring robust quantification of metabolites located in spectral regions affected by 510 

macromolecular variability in protocol 1, protocol 2 may represent a more appropriate choice. 511 

Finally, when rapid analysis is not a strict clinical requirement, protocol 4 offers the best overall 512 

compromise, combining good repeatability, broad metabolome coverage and high spectral quality. 513 

In contrast, protocol 3 was not retained, as it involves similar time and resource constraints as 514 

protocol 4 while presenting additional disadvantages, as discussed above. In addition to the four 515 

protocols addressed here, specific analytical protocols could also be developed for selected 516 

metabolites in targeted metabolomic analyses, considering analysis time constraints. 517 

In conclusion, saliva is a highly attractive biofluid for clinical use thanks to its non-invasive, 518 

cost-effective and patient-friendly collection method. Moreover, for certain metabolites, salivary 519 

levels may reflect changes observed in blood, making saliva a valuable and less invasive alternative 520 

matrix for monitoring metabolic dynamics. Through biomarker discovery, saliva could be used as 521 

a diagnostic and prognostic tool for disease apparition and progression. Moreover, it could play a 522 

key role in personalized medicine by allowing treatment adjustments based on a patient’s metabolic 523 

profile. To date, numerous studies have highlighted the potential of salivary metabolomics and 524 

reported promising results. However, for translation into clinical practice, it is essential to 525 

standardize collection procedure, saliva type and sample preparation protocols. Indeed, to obtain 526 

clinically reliable and reproducible results, monitoring of these pre-analytical steps is essential, as 527 

well as ensuring a good repeatability and a good inter-day precision of the selected method. On 528 

this basis, the present work represents one of the few studies that systematically compare multiple 529 

sample preparation protocols for salivary NMR-based metabolomics. It focuses on selecting an 530 

optimized method ensuring high-quality spectra, broad coverage of metabolome and good intra- 531 
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and inter-day precision. As expected, the set of metabolites detected was shown to depend on the 532 

protocol used, an important consideration for selecting the most appropriate method according to 533 

the needs of future metabolomics studies. In addition, the optimized protocol is fully compatible 534 

with MS-based approaches, representing an advantage for combined NMR-MS workflows and 535 

expanded metabolome coverage. Ultimately, establishing robust and standardized protocols for 536 

salivary metabolomics will be a key step toward integrating this accessible biofluid into clinical 537 

practice and contributing to the advancement of preventive and personalized medicine. 538 

 539 
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