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Abstract 38 

 39 

While rapid analysis of the human biofluid metabolome is now possible using ambient ionization 40 

mass spectrometry (AIMS), these procedures are hampered by in-source matrix effects and reduced 41 

sample stability impeding metabolome coverage while remaining relatively labor-intensive. In this 42 

study, we aimed at developing biofluid-specific metabolome sampling membranes (MetaSAMP®s, 43 

WO2021/191467) that offer a directly applicable and stabilizing substrate for AIMS. Customized 44 

rectal, salivary and urinary MetaSAMP®s consisting of multilayered electrospun nanofibrous 45 

membranes of blended hydrophilic (polyvinylpyrrolidone and polyacrylonitrile) and lipophilic 46 

(polystyrene) polymers supported adequate metabolite ab- , ad-, and desorption. Moreover, 47 

MetaSAMP® demonstrated superior metabolome coverage and transport stability compared to 48 

crude biofluid analysis and was successfully validated in two pediatric cohorts (MetaBEAse, 49 

n=234, feces and urine; OPERA, n=138, saliva). By integrating anthropometric and 50 

(patho)physiological with MetaSAMP®-AIMS metabolome data, we obtained significant weight-51 

driven predictions and clinical correlations. In conclusion, MetaSAMP® holds great clinical 52 

application potential for on-the-spot metabolic health stratification. 53 

 54 

Teaser 55 

 56 

Customized biofluid-specific MetaSAMP®s enable superior metabolome coverage and stability for 57 

direct health stratification. 58 

 59 

MAIN TEXT 60 

 61 

Introduction 62 

 63 

To date, metabolomics of human biofluids is emerging as a promising biofocus as it 64 

provides advantages that classical diagnostics do not, following discovery of a suite of clinically 65 

relevant biomarkers that are simultaneously affected by disease while contributing to the 66 

elucidation of metabolic pathways underlying particular phenotypes of health and disease (i.e., 67 

metabotyping) (1–3). The most urgent application of metabolomics remains the identification of 68 

pathologies in children as early-infancy exposures, including nutrition and illness severely impact 69 

adult health and functionality as well (4). In this respect, metabolite patterns offer a valid tool to 70 

profile individuals (5) at risk of developing e.g., the metabolic sequelae coinciding the global rise 71 

in overweight and obesity (6) by discerning between metabolically healthy and unhealthy 72 

phenotypes and predict future risks of developing co-morbidities such as (pre)diabetes, metabolic 73 

syndrome, etc. (2, 7–10).  74 
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The urinary and fecal metabolomes have been popularized as they reflect both exogenous 75 

and endogenous metabolic products (11), as well as complex interactions between dietary intake, 76 

gut microbiome and host (12). Salivary metabolites on the other hand, largely mirror those in blood 77 

and may thus reflect many pathophysiological and nutritional changes, as well as exposure to 78 

medication and environmental factors (13). Major bottlenecks in large metabolomics cohort studies 79 

remain the collection, transport, storage and sample preparation of biofluids. Indeed, ongoing 80 

(bio)chemical reactions following sample collection, long-term preservation and extraction may 81 

substantially introduce metabolome alteration (12, 14) and misleading interpretations, while the 82 

addition of chemical preservatives during shipping, storage and extraction causes metabolome 83 

contamination by adduct formation and/or ion pairing (15). 84 

The typical workflow used in conventional biofluid metabolomics comprises multiple time-85 

consuming steps including sample collection and pretreatment such as lyophilization, extraction 86 

and chromatographic separation, etc., resulting in low sample throughput (ca. 60/day) and high 87 

costs (> 200 euro/analysis) (16). During the last decades, instrumental advances have allowed the 88 

integration of near-real-time surface sampling or ambient ionization (AI) of matrices in their native 89 

analyte environment (17–19). Laser ablation coupled to rapid evaporative ionization mass 90 

spectrometry (REIMS), termed laser-assisted REIMS (LA-REIMS), is among the few ambient 91 

ionization-based techniques that have found their way into the clinic both in vivo and ex vivo (16, 92 

20). LA-REIMS uses a sample-focused laser beam that excites the most intense vibrational band 93 

(oxygen-hydrogen stretching mode) of water molecules present in the sample, initiating ablation 94 

heat and causing evaporation. The resulting analyte-containing aerosol is aspirated towards the MS 95 

under the instrument’s vacuum where it is mixed with a solvent and collides with a heated collision 96 

surface to form gas-phase ions for analysis (16, 20). To date, LA-REIMS is the only AIMS platform 97 

that has been successfully employed for the automated analysis of a range of crude biofluids, 98 

including feces, saliva, urine, etc. (1). Indeed, LA-REIMS enables an analysis rate of only few 99 

min/sample, and demonstrates significant congruencies with mass spectra obtained by conventional 100 

metabolomics (16, 21, 22). Current challenges in direct LA-REIMS-based crude biofluid analysis 101 

are the existence of matrix effects and reduced ionization efficiency, resulting in a decreased 102 

selectivity and thus metabolome coverage (23). Moreover, biofluid collection may hamper a direct 103 

sampling-to-MS result workflow (1), because the need to wait for e.g., defecation prevents 104 

immediate sample availability. A sampling device that allows the integration of sampling, sample 105 

preparation and presenting the sample for direct metabolomics analysis, would offer a substantial 106 

advance compared to crude biofluid analysis, because it would largely circumvent these challenges.  107 



4 

 

In this study, we aimed at developing, optimizing and benchmarking novel biofluid-specific 108 

samplers (MetaSAMP®s, WO2021/191467) for direct rapid AIMS-based metabotyping (Fig. 1A). 109 

Our MetaSAMP®s consist of nanofibrous membranes customized both in terms of polymer 110 

composition, ratio and fiber diameter by electrospinning (ES) towards optimal biofluid-specific 111 

(feces, saliva and urine) metabolome sampling, extraction, and stabilization. ES is a simple and 112 

versatile technology that uses electrostatic forces to produce (nano)fibrous membranes with 113 

controllable compositions (24, 25). The typical porous bed structure of electrospun membranes 114 

enables analyte enrichment due to highly efficient mass transfer between biofluids and the 115 

polymerous (nano)fibers, which act as sorbents, facilitating metabolite microextraction (26, 27). 116 

The possibility of including specific chemical moieties offers a means to enhance the extraction 117 

coverage of analytes bearing a broad range of polarities (28). Moreover, biocompatible polymers 118 

such as polyacrylonitrile (PAN) are also suitable for ES, which allows for in vivo usage while 119 

supporting the exclusion of macromolecules (29). The MetaSAMP®s may be configured as a 120 

medical swab or a kit with an integrated electrospun membrane that is directly amenable to our 121 

established rapid LA-REIMS platform (1). We also confirmed the ability of MetaSAMP®s to 122 

stabilize the biofluid-specific metabolome, increasing transport ease and duration. Finally, the 123 

clinical applicability and superior performance of our MetaSAMP®s relative to the analysis of crude 124 

biofluids, were assessed ex vivo in 2 pediatric cohorts (MetaBEAse and OPERA). As such, we have 125 

demonstrated that direct MetaSAMP®-based biofluid metabotyping may have far-reaching 126 

potential as a future medical device. 127 

 128 

Results  129 

 130 

Optimized electrospun membranes for biofluid-specific metabolic fingerprinting: 131 

MetaSAMP®s 132 

The development of our biofluid-specific metabolome sampling MetaSAMP®s started by 133 

tuning the configuration and chemical composition of each extractive core membrane (feces, saliva 134 

and urine, Fig. 1B) towards maximal metabolome coverage following LA-REIMS analysis (wide 135 

logP span and molecular feature count) and repeatability (as % of molecular features with a 136 

CV≤30%). Hereto, the electrospun core membranes were fabricated using a rotating drum collector 137 

(Fig. 1C) on an aluminium support layer (Fig. 1B). Because the superiority of materials with a 138 

hydrophilic-lipophilic balance (HLB) as comprehensive metabolome extraction sorbents has been 139 

reported (28, 30), we selected two relevant HLB polymers (PVP and PS) for our core membranes. 140 

As feces (and rectal content) are more heterogenous, complex and richer biofluids than saliva (13) 141 

or urine (11), the rectal MetaSAMP® optimization was prioritized. Following impregnation with 142 
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porcine rectal content, different compositions were evaluated for their metabolome coverage using 143 

LA-REIMS analysis (Supplementary Note 1). The usage of porcine rectal content was rationalized 144 

based on similarities in nutrition and metabolism between pigs and humans (31). Additionally, the 145 

LA-REIMS settings were further optimized for the rectal MetaSAMP® using a design of 146 

experiments (Supplementary Note 1). Significance (ANOVA FDR-adjusted p=0.012 and p<0.001, 147 

F=14.62 and 25.35, df=5) was detected for higher scan time and solvent flow rate. The optimal 148 

values were obtained by maximizing metabolome coverage, molecular feature signal intensity and 149 

repeatability, resulting in a scan time of 0.7 scans s-1 and a solvent flow rate of 250 µL min-1 
150 

(Supplementary Table 1). It was observed that a balanced blend of PVP/PS (50/50, w/w) 151 

significantly outperformed (ANOVA FDR-adjusted p=9.03e-8, F=41.44, df=19) the other 152 

compositions tested in terms of metabolome coverage (Supplementary Note 1, Supplementary Figs. 153 

1-2). Consequently, the HLB of the core membrane’s compositional fibers was demonstrated 154 

through modulated differential scanning calorimetry. Separate glass transition temperatures (Tg) 155 

could be assigned to carbonyl- (PVP) and benzene-rich (PS) moieties (32) (Supplementary Fig. 3).  156 

Hereafter, electrospun core extractive membranes were optimized in a similar fashion for 157 

saliva and urine. Initial experiments demonstrated that a higher relative weight% of PS vs. PVP, 158 

and a higher total polymer weight%, increased the metabolome coverage upon LA-REIMS analysis. 159 

Instrumental settings for LA-REIMS analysis of impregnated electrospun membranes with saliva 160 

and urine were the same as our previously biofluid-specific optimized protocol (1) (Supplementary 161 

Table 1). The markedly higher percentage of PS in the PVP/PS core membrane layers for sampling 162 

urine and saliva compared to rectal sampling however resulted in longer biofluid residence times, 163 

as demonstrated by contact angle measurements (CAM) (130±10°). The latter could be ascribed to 164 

the more aqueous nature of urine and saliva. Because an increased biofluid residence time was 165 

observed to bring about more variable impregnation times, we additionally evaluated the inclusion 166 

of the highly polar PAN polymer in the core extractive membranes for urine and saliva by 167 

comparing blends of PVP/PS (0-20% PVP) with PVP/PS/PAN blends (5-20% PVP and 5-10% 168 

PAN), as this polymer may increase the wettability (33) and thus speed of analysis upon inclusion. 169 

Both those core membrane compositions were evaluated first through scanning electron microscopy 170 

(SEM) for their network stability upon impregnation with saliva and urine. The SEM images 171 

revealed no visible damage to the electrospun fibrous core blends, suggesting morphological 172 

integrity even after prolonged biofluid exposure (> 15 min) (Supplementary Fig. 4), hinting towards 173 

efficient analyte interaction. Additionally, fiber size distributions were compared for the various 174 

compositions. It was observed that a higher amount of PVP in both blends, i.e., 10-20% PVP for 175 
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the PVP/PS membranes and 20% PVP and 10% PAN, resulted in a more homogenous size 176 

distribution, benefitting the reproducibility of LA-REIMS metabolomics analysis.  177 

Next, we investigated the potential of a PAN cover layer on top of our core extractive 178 

membrane considering the future rectal MetaSAMP®’s in vivo usage as a medical swab. Indeed, 179 

aside from its high polarity and thus wetting capabilities for aqueous matrices (33), PAN is also a 180 

biocompatible polymer with documented in vivo applications (34, 35) that has previously been 181 

demonstrated to facilitate selective transport of small molecules to extractive polymers by partially 182 

diminishing surface (bio)fouling mechanisms for molecules >1.5 kDa and completely preventing 183 

access to molecules >7 kDa (29, 36). As a result, a PAN cover layer was hypothesized to enhance 184 

extractive core membrane stability as surface functionalities of the PVP/PS microporous core are 185 

expected to be less susceptible to oxygen or moisture in its presence. For this experiment, pooled 186 

QC fecal samples were used, enabling the evaluation of our future target matrix and thus 187 

reproducibility of the entire analysis protocol best. Indeed, feces shows substantial similarity with 188 

rectal content with respect to bacterial community structure and functionality (37, 38). Hereto, PAN 189 

was tested at various concentrations (5-15%, w/w) and evaluated for its solution viscosity, quality 190 

of the PAN electrospun fiber network and fiber size distribution (Supplementary Fig. 5 and 191 

Supplementary Table 2). Optimal small molecule sampling and subsequent analysis were strived at 192 

by retaining the average fiber diameter and its distribution as low as possible in effectively 193 

excluding macromolecules like proteins and DNA. The combination of an acceptable average fiber 194 

diameter of 384 nm (Supplementary Fig. 6) and a smooth fiber network without bead formation as 195 

observed by SEM (Supplementary Fig. 7), which might hamper metabolome sampling and analysis, 196 

rationalized our choice to use 10% (w/w) PAN in further experiments. To confirm the optimal 197 

position of the electrospun PAN layer, the effect of varying its position relative to the extractive 198 

core PVP/PS membrane was tested. The effects of an electrospun PAN cover layer added to the 199 

PVP/PS electrospun core membrane both with and without including PAN as a bottom layer on the 200 

Al support were examined in terms of metabolic coverage (ranging from 50-1200 Da) and 201 

repeatability. To identify which metabolite classes were impacted by the presence of PAN cover 202 

and bottom layers, the measurable mass range was subdivided into six subsets, including a subset 203 

covering 50-200 Da, encompassing low-molecular-weight metabolites such as carbohydrates and 204 

short-chain fatty acids; two subsets covering 200-600 Da, encompassing medium-, long- and very-205 

long-chain fatty acids as well as amino acids, diacylglycerols, and sphingolipids; two subsets 206 

covering 600-1000 Da, encompassing phospholipids a.o. (16, 18, 39), and a subset covering 1000-207 

1200 Da, mainly encompassing saccharolipids and glycosphingolipids (40). Indeed, from a 208 

metabolic health perspective(2), metabolite classes covering all those mass ranges are relevant. The 209 
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impregnated electrospun core membranes covered by an additional electrospun PAN layer gave 210 

significantly higher metabolome coverage following LA-REIMS analysis and signal intensities 211 

compared to the analysis of the crude biofluid (Supplementary Table 3 and Supplementary Fig. 8). 212 

It was also observed that the PAN cover layer enhanced the spreading and therefore penetration of 213 

fecal water (Supplementary Fig. 9) as confirmed by smaller CAMs (50±2° versus 144±4°) 214 

(Supplementary Table 4 and Supplementary Fig. 10). As a result, the increased 215 

hydrophilicity/wettability brought about by the electrospun PAN cover layer promotes beneficial 216 

chemical and physical interactions between biofluid metabolites and the core extractive membrane 217 

(26). 218 

Because the metabolome core extractive capabilities were expected to be affected by the 219 

addition of the biocompatible filtering PAN cover layer, a second optimisation round was initiated 220 

for obtaining the final composition of each biofluid-specific MetaSAMP®. To this end, average 221 

fiber diameter and morphology, signal intensity, metabolome coverage and repeatability were 222 

evaluated as endpoints. The core extractive membrane composed of PVP/PS (60/40, w/w) with 8% 223 

(w/w) total polymer weight% covered by a PAN layer and impregnated with fecal water showed 224 

statistically significant higher intensity values (ANOVA FDR-adjusted p=0.017, F=13.95, df=1)  225 

as well as improved repeatability and metabolome coverage (ANOVA FDR-adjusted p=0.042, 226 

F=28.99, df=1)  upon LA-REIMS analysis compared to analysis of the crude fecal water 227 

(Supplementary Table 5). The core layers comprising PVP/PS (10/90) and PVP/PS/PAN (20/70/10) 228 

both with 14% (w/w) total polymer weight% and covered with an electrospun PAN layer, were 229 

selected as the optimal substrates for LA-REIMS analysis of saliva and urine, respectively, in terms 230 

of higher metabolome coverage and repeatability (95% and 97% of features with CV≤30% for 231 

saliva and urine, respectively) (Supplementary Table 6) compared to crude analysis of saliva and 232 

urine. In conclusion, our three final optimized rectal, salivary and urinary MetaSAMP®s comprised 233 

of, respectively, blends of electrospun PVP/PS 60/40, PVP/PS 10/90, and PVP/PS/PAN 20/70/10 234 

covered with an electrospun PAN layer.   235 

 236 

Direct MetaSAMP®-LA-REIMS offers a richer metabolic fingerprint than crude biofluid LA-237 

REIMS 238 

Following optimization, we aimed at demonstrating the advantages of direct MetaSAMP®-239 

LA-REIMS metabolic fingerprinting compared to crude biofluid LA-REIMS analysis in terms of 240 

metabolome coverage using impregnated rectal, salivary and urinary MetaSAMPs® from 241 

participant overweight children (n=3, IOTF>0, MetaBEAse cohort for the rectal and urinary 242 

MetaSAMP® and OPERA cohort (41) for the salivary MetaSAMP®) (Table 1). Richer mass spectra 243 
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and higher overall signal intensities were observed in impregnated MetaSAMP®s compared to the 244 

crude biofluid LA-REIMS metabolic fingerprints (Fig. 2, A-C). Additionally, since metabolite 245 

classes covering the aforementioned mass ranges are clinically relevant with regard to the metabolic 246 

disturbances underlying overweight and obesity (2), metabolome coverage (pooled QC samples, 247 

n=3) was also evaluated throughout the different mass ranges. As such, palmitic acid (fatty acid, 248 

m/z value of 255.24 Da, logP 6.4), 1-heptadecanoyl-2-(9Z,12Z,15Z-octadecatrienoyl)-sn-glycerol 249 

(glycerolipid, m/z value of 603.48 Da, logP 13.4) (Fig. 2A) and a putatively identified lipid 250 

(ceramide sphingolipid or phosphoethanolamine glycerophospholipid, m/z value of 736.50 Da) 251 

(Fig. 2A), were detected by our MetaSAMP®-LA-REIMS. As demonstrated via radar charts for 252 

each of the mass ranges, higher coverage was noted upon analysis with the biofluid-specific 253 

MetaSAMP®s as compared to the crude biofluids (Fig. 2, A-C) for most mass ranges. In conclusion, 254 

our optimized biofluid-specific MetaSAMP®s confirmed superior metabolome coverage across a 255 

broad mass range (50-1200 Da) and wide logP span compared to the analysis of crude biofluids. 256 

 257 

 258 

Biofluid-specific MetaSAMPs® improve short-term metabolome stability and speed  259 

Biofluid collection and transport, especially in large cohorts, is not straightforward. In the 260 

case of stool samples, the need to wait for defecation prevents the direct analysis, inferring the need 261 

of biobanking (and thus freezing). The addition of chemical preservatives to crude biofluids for 262 

shipping and storage stability negatively impacts the metabolome’s accuracy (12, 14). Our 263 

optimized rectal, salivary and urinary MetaSAMP®s were hypothesized to conserve a more accurate 264 

snapshot of the metabolome during storage and are directly amenable to sample preparation-free 265 

metabolomics analysis, as such lowering the individual time and cost per analysis. The storage 266 

period was set at 48h, which corresponds to the maximum transport duration from the patient's 267 

home or physician's office to the laboratory in Western countries (e.g., with courier services). To 268 

address this, metabolome coverage and repeatability based on crude biofluid fingerprinting (pooled 269 

QC samples, n=6) and their corresponding impregnated MetaSAMP®s were measured at RT 270 

22±2°C and 4°C and the total sampling and analysis times were recorded. Closer correlations in the 271 

LA-REIMS results were observed between 48h stored samples and those analyzed immediately 272 

after collection using the optimized MetaSAMPs® stored at 4°C when compared to the 273 

corresponding correlations of the data obtained with their crude counterparts (Fig. 3A). At RT, 274 

however, both crude biofluids and MetaSAMPs® brought about substantial metabolome changes as 275 

confirmed by low repeatability values (<50% of features with CV≤30%). Subsequently, intraclass 276 

correlation coefficients (ICC) intervals were computed to investigate metabolome variation 277 
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between time points, considering molecular features with ICC values ≤0.4 as more unstable over 278 

time(42). Upon storage at 4°C, 1371 (feces) versus 1850 (rectal MetaSAMP®), 2460 (saliva) versus 279 

3397 (salivary MetaSAMP®) and 2677 (urine) versus 2721 (urinary MetaSAMP®) molecular 280 

features remained stable (ICC>0.4) (Fig. 3B). Moreover, the total analysis time of the optimized 281 

biofluid-specific MetaSAMP®-LA-REIMS methodology was recorded as <20 min per sample (<15 282 

min for sampling incl. impregnation and 5 min for the LA-REIMS analysis workflow) aside from 283 

the transport time. In conclusion, our MetaSAMP®s generally demonstrated a superior number of 284 

stable molecular features over time and provide an efficient means for rapid LA-REIMS-based 285 

metabotyping. 286 

 287 

Direct biofluid-specific MetaSAMP®-LA-REIMS is a clinically valid metabotyping tool  288 

Metabolomics analysis has substantial value in a plethora of metabolic and food-related 289 

diseases (2, 43). Metabolite patterns could therefore offer a valid tool to profile individuals at high 290 

risk of developing e.g., obesity-related metabolic diseases, i.e., discerning between metabolically 291 

healthy and unhealthy phenotypes already at young age (2, 5). To provide proof-of-principle for the 292 

clinical potential of our MetaSAMP®-LA-REIMS in childhood overweight and obesity, 293 

MetaSAMP®-derived metabolic fingerprints of biofluids obtained in two pediatric cohorts: 294 

MetaBEAse (feces and urine of children aged 6-12 years) and OPERA (41) (saliva of children aged 295 

6-16 years) (Table 1), were investigated  in terms of discrimination and predictive potential. For 296 

this purpose, a large set of anthropometric and clinical measurements were performed (Table 1) to 297 

link potentially relevant metabolite discrepancies in overweight and obese children and 298 

pathophysiological processes.   299 

First, the discriminative and predictive performance of LA-REIMS analysis was compared 300 

between crude biofluids and their impregnated MetaSAMP®s. By doing so, more subtle effects 301 

related to subclinical pathology, i.e., metabolic perturbations due to increased weight and/or 302 

adiposity, were visualized by valid orthogonal projection to latent structures discriminant analysis 303 

(OPLS-DA) models using the international obesity BMI cutoff for thinness, overweight and obesity 304 

(IOTF) as a classifier (Fig. 4, A-C). Interestingly, a similar or even greater number of molecular 305 

features that were significantly differentiated based on their value of variable influence on 306 

projection for the OPLS-DA models constructed (Supplementary Table 7) were retrieved for the 307 

analysis of the MetaSAMP®s as compared to that of the crude biofluids. The same was noted for 308 

the validation parameters (CV-ANOVA p< 0.05, good permutation testing (n=100), goodness-of-309 

fit of and predictive performance of the model reflected by R2(cum)>0.8 and Q2(cum)>0.4 for 310 

biological data), respectively (Supplementary Table 7). These findings provide evidence that 311 
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discriminative categorization based on metabolic fingerprints was mostly superior using the 312 

biofluid-specific MetaSAMP®-LA-REIMS methodology. Furthermore, its predictive potential for 313 

overweight classification using IOTF scores was assessed by logistic regression. This approach was 314 

only applied to the MetaBEAse cohort data because the sample size of the OPERA cohort (n=101) 315 

did not sustain good model building (44). Metabolic fingerprints detected by rectal (Fig. 4D) and 316 

urinary (Fig. 4E) MetaSAMP®-LA-REIMS analyses enabled predictive IOTF classification. We 317 

observed strong predictive potential (area under the curve (AUC) range 0.84-0.96) when all 318 

overweight (including obese) children as well as only obese children were included and compared 319 

to a balanced number of normal weight children, suggesting the early onset, i.e., already in 320 

overweight (not yet obese) children, of metabolic divergences (2).  321 

To further clinically validate our MetaSAMP®-LA-REIMS metabotyping approach, 322 

Spearman correlations were calculated between normalized levels of molecular features captured 323 

with each biofluid-specific MetaSAMP® and anthropometric and clinical measurements from both 324 

cohorts (MetaBEAse and OPERA). Interestingly, among anthropometrics, adiposity measures 325 

(BMI-z, IOTF, waist circumference (WC) and waist-to-height ratio (WHR)) that are related closely 326 

to overweight metabotypes (45) showed the highest Spearman ρ-values with fecal, salivary and 327 

urinary metabolic profiles in both cohorts (Fig. 4, F-H). A number of clinically relevant end points, 328 

i.e., lipid, glycemic, inflammatory and hormonal blood markers, showed moderate to good 329 

correlations (Spearman ρ-values 0.4-0.6) (46) with biofluid-specific MetaSAMP®-derived 330 

metabolic fingerprints. For instance, glucose and insulin (-like growth factor 1) in blood, which 331 

have been associated with insulin resistance (47), and sex-hormone binding globulin and 332 

dehydroepiandrosterone sulphate, which have been negatively associated with adiposity and low-333 

grade inflammation in childhood obesity (48, 49), correlated well with rectal and urinary 334 

MetaSAMP®-derived fingerprints (Spearman ρ-values up to 0.5, Fig. 4, F and G) (MetaBEAse 335 

cohort). Adipokine hormones with appetite suppressing and initiating effects, such as leptin and 336 

ghrelin, respectively (50), revealed moderate to good correlations (Spearman ρ-values up to 0.4, 337 

Fig. 4H) with metabolic fingerprints obtained by our salivary MetaSAMP® (OPERA cohort), and 338 

hence were influenced by adiposity and insulin sensitivity (51). Collectively, these results suggest 339 

that our MetaSAMP®s allow capturing multiple clinically relevant metabolites of energy, immune 340 

and lipid metabolism. 341 

As a final step in demonstrating the clinical potential of our MetaSAMP®-LA-REIMS, the 342 

identification of molecular features that showed significant (p<0.05, Wilcoxon rank-sum test) 343 

Spearman correlations with anthropometric and/or clinical parameters based on MetaSAMP®-LA-344 

REIMS analysis was pursued. We focused on the rectal MetaSAMP® data (MetaBEAse cohort) 345 
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because stool comprises the most complex matrix and is considered most relevant to capture gut-346 

microbiome-diet interactions (12). This is, the role of the microbiome and its metabolites in obesity 347 

has been ubiquitously reported in literature (2, 52–54). Hierarchical Ward-linkage clustering 348 

analysis was used to unveil unique molecular features clustering according to their shared 349 

correlation structure (Fig. 5A). Annotation of potentially clinically relevant molecular features 350 

originating from the rectal MetaSAMP®-LA-REIMS fingerprints was realized (see methods and 351 

Supplementary Table 8). Subsequently, we assessed if those metabolites significantly (p<0.05, 352 

Wilcoxon rank-sum test with continuity correction or Kruskal-Wallis test with Dunn’s post-hoc 353 

test) changed between different weight groups (Fig. 5B). Out of the 81 molecular features 354 

determined with rectal MetaSAMP®-LA-REIMS in negative ion mode (Fig. 5A), 8 metabolites 355 

were found to correlate with and contribute to the discrimination of weight classification in children 356 

(Fig. 5B).  357 

 358 

Physicochemically diverse clinically relevant metabolites can be reproducibly detected using 359 

rectal MetaSAMP®-LA-REIMS 360 

Finally, in assessing the future clinical implementation of MetaSAMP®s, a targeted 361 

approach was implemented using the rectal MetaSAMP® on a selection of clinically relevant 362 

metabolites in (childhood) overweight and obesity (2) according to FDA recommendations(55). 363 

The latter was performed with analytical standards that were selected based on their plausible 364 

natural occurrence in feces (56) covering a broad polarity and mass range (100-1200 Da and logP 365 

of -4 to 13, Supplementary Table 9). The targeted detectability, technical precision, repeatability 366 

and intermediate precision of these analytes were determined by applying 3 consecutive ablation 367 

events per membrane piece (n=5) on different days and calculating the number of molecular 368 

features upon LA-REIMS analysis (Supplementary Tables 9 and 10). Additionally, the standards 369 

were spiked directly onto the rectal MetaSAMP® (Supplementary Table 11) and, hereafter, onto the 370 

impregnated rectal MetaSAMP®s (Supplementary Table 12) using a pooled sample (from 371 

MetaBEAse controls, n=3). Standards spiked directly onto the rectal MetaSAMP®s, displayed intra- 372 

and interassay CVs <30% for 9 and 7 out of 11 metabolites initially detected, respectively. In 373 

conclusion, In conclusion, our results showcase that a diverse range of clinically relevant 374 

metabolites may be sufficiently reproducibly detected using rectal MetaSAMP®-LA-REIMS. 375 

 376 

Discussion  377 

 378 
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In this work, customized biofluid-specific metabolome samplers, called MetaSAMP®s, 379 

were developed for direct user-friendly sampling, extraction and stabilization of complex human 380 

biofluids including feces, saliva and urine. The hyphenation of these optimized MetaSAMP®s with 381 

our automated LA-REIMS platform (1) enables direct sampling and analysis of the respective 382 

metabolomes in less than 20 min per sample (Fig. 1A) and provides a richer and more stable 383 

reflection of the biofluid-specific metabolome as compared to crude biofluid analysis. Indeed, the 384 

MetaSAMP®-LA-REIMS metabotyping approach represents a superior alternative to crude biofluid 385 

LA-REIMS analysis regarding on-the-spot metabolic health stratification and holds great potential 386 

for usage in large cohort metabolomics studies. We have therefore successfully evaluated its clinical 387 

implementation in the context of childhood obesity pandemic (6) using fecal, salivary and urinary 388 

metabotyping in samples obtained from two pediatric cohorts (MetaBEAse and OPERA). Although 389 

our MetaSAMP®-LA-REIMS methodology centers on untargeted metabolic fingerprinting using 390 

HRMS, we also demonstrated reproducible targeted analysis of a selection of physicochemically 391 

diverse metabolic disease-related metabolites.  392 

The respective biofluid-specific rectal, salivary and urinary MetaSAMP®s comprised of an 393 

extractive core layer that was optimized towards maximal metabolome coverage as a blend of HLB 394 

electrospun nanofibrous polymers, i.e., PVP/PS 60/40, PVP/PS 10/90, and PVP/PS/PAN 20/70/10, 395 

covered with an electrospun PAN layer (Fig. 1B). We have provided evidence that these dual HLB 396 

properties, together with the high surface area and interconnectivity of the open microporous 397 

electrospun network, make the MetaSAMP®s’ core extractive membranes excellent substrates for 398 

the enrichment, desorption and ionization of analytes with a broad physicochemical diversity in 399 

terms of characteristics such as size and polarity (m/z range 100–1200 and logP of -4-13) (Fig. 2). 400 

Indeed, Bian and Olesik (57) already reported that electrospun nanofibrous membranes may serve 401 

as an excellent substrate for a selection of small drug molecule analysis because of the nature of 402 

their microporous network, while different HLB-based extractive sampling approaches have been 403 

described (28) which have proven beneficial for subsequent MS-based analysis of a 404 

physiochemically broad range of metabolites. In contrast to the rectal and salivary core extractive 405 

MetaSAMP® membranes, we found that for the urinary core membrane, a blend of PVP, PS and 406 

PAN was most favorable, given the very hydrophilic nature of the waste products that comprise the 407 

urinary metabolome (58). Indeed, PAN is a polar polymer with wetting capabilities (33) that has 408 

proven advantageous in diminishing fragmentation and background noise for low molecular masses 409 

(57). The markedly higher fraction of PS in the salivary and urinary MetaSAMP®s resulted in a 410 

more extensive metabolome coverage, especially for the higher m/z ranges in which more lipids 411 

reside which are relatively less concentrated and hence more difficult to selectively extract from 412 
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such polar matrices (59). Furthermore, introducing the biocompatible polymer PAN (34, 35) as a 413 

cover layer (29) reduces biofouling due to restricting access to relatively large (macro)molecules 414 

such as DNA and proteins (29), as shown through CAMs. Moreover, it facilitates the impregnation 415 

of aqueous biofluids into the relatively hydrophobic extractive core layer. Indeed, we observed an 416 

increased metabolome recovery and precision upon introduction of an electrospun PAN cover layer. 417 

This may be ascribed to the advantageous complementary action of the large (micrometer scale), 418 

open pores (30) of the core network of the nanofibrous PVP/PS(/PAN) membrane that ad- and 419 

absorbs small molecules, and the nanofibrous PAN exclusion layer that prevents the interaction of 420 

macromolecules with this nanofibrous network (29), most likely resulting in reduced matrix 421 

interferences upon LA-REIMS analysis of the MetaSAMP®s. Finally, as also reported by Bian and 422 

Olesik, the porosity and very high specific surface area that are inherent to electrospun membranes 423 

are especially valuable when coupled to laser-based desorption and ionization (57). Indeed, the 424 

observation of increased m/z signal intensities throughout the different m/z mass ranges following 425 

MetaSAMP®-LA-REIMS analysis in comparison to crude biofluid LA-REIMS analysis 426 

corroborate their findings on fast and efficient energy transfer and dissipation, boosting desorption 427 

and ionization when using electrospun nanofibrous substrates (57).  428 

The fully optimized biofluid-specific MetaSAMP®s increased the short-term biofluid 429 

metabolome stability (at 4°C) and the total sampling and analysis speed. These results point towards 430 

a decrease in storage-induced metabolome alterations when using our MetaSAMP®s. Significant 431 

salivary and urinary metabolome alterations when storing crude biofluids at 4°C have been reported 432 

to occur after 6 hours (60) and 5 days (14), respectively, confirming our observations. The 433 

stabilizing properties of our optimized biofluid-specific MetaSAMP®s are hypothesized to result 434 

from the ad- and absorption capabilities of the electrospun fibrous network (30) and this both 435 

towards the different metabolites present in the biofluid and its aqueous content. In particular this 436 

water content present in the crude biofluids has been shown to provide a means for diverse 437 

degradation reactions (oxidation and hydrolysis) and microbial activity (enzymes) (12). In line 438 

herewith, the gastrointestinal matrices (feces and saliva) benefited most from the MetaSAMP®s 439 

stabilizing effects. Moreover, the MetaSAMP®s’ protective PAN cover layer also provides a certain 440 

degree of shielding of the biofluid metabolites (small molecules) captured via chemical and/or 441 

physical interactions (Supplementary Fig. 11) and may hence contribute to this reduced degradation 442 

and transformation. Alternative AIMS-based techniques, including other LA-REIMS-based 443 

approaches (1, 17), require relatively long collection procedures and/or sample preparation periods 444 

that take several hours up to days (61).  The total analysis time of our optimized biofluid-specific 445 

MetaSAMP®-LA-REIMS methodology was <20 min per sample. 446 
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We successfully benchmarked the biofluid-specific MetaSAMP®s in the context of a 447 

clinically relevant application using samples from two pediatric cohorts (MetaBEAse and OPERA). 448 

The ever-increasing rise in overweight and obesity urges the development of cost-effective ways to 449 

screen for elevated metabolic risk as early as possible, when metabolic impairments are still 450 

reversible (2). Our findings provided evidence that MetaSAMP®-based metabotyping enables 451 

similarly to superior discriminative categorization of children based on weight classification 452 

compared to crude biofluid LA-REIMS analysis (1). This was confirmed by high predictive AUC 453 

values (>0.9), indicating good to excellent sensitivity and specificity of the metabolic fingerprints 454 

sampled and analyzed via MetaSAMP®-LA-REIMS analysis regarding weight classification. 455 

Moreover, the obtained metabolic fingerprints exhibited meaningful pathophysiological 456 

correlations with a whole range of relevant anthropometric and clinical parameters for (childhood) 457 

overweight and obesity. Indeed, the correlations found in this study showed similar (62, 63) or 458 

improved (53, 63) Spearman ρ-values (up to 0.5) compared to earlier work. For example, we 459 

observed a correlation between the fecal metabolome, BMI and blood lipid levels (Spearman ρ-460 

values of up to 0.4), in line with previous results concerning the fecal metabolome of obese adults 461 

(63). Similarly, Spearman ρ-values of up to 0.3 for fecal microbiome diversity with BMI and 462 

glycemic and lipid measurements in adults were reported recently (53) reported, while our 463 

MetaSAMP®s reached ρ-values of up to 0.6 regarding glycemic measurements such as glucose and 464 

insulin. In accordance with the literature, we observed that acylcarnitines were positively correlated 465 

in children with IOTF>1 and with WC, WHR and systolic BP, inferring future metabolic risk(2). 466 

Furthermore, similar correlations between anthropometric measurements with 7-ketocholesterol 467 

were noted and of clinical relevance as cholesterol derivates are involved in macrophage foam cell 468 

formation and thus atherosclerosis (2). Finally, we successfully demonstrated the targeted 469 

application of our rectal MetaSAMP®-LA-REIMS approach of which the results indicated that 470 

potentially clinically relevant fecal metabolites may be detected with acceptable intra-assay and 471 

intermediate precision according to FDA recommendations (55). 472 

Although the merits of AIMS have been confined to the agnostic nature of untargeted 473 

metabolomics with its proven broad clinical usefulness (64), there still is much to glean from the 474 

reproducibility and quantitation exquisiteness of state-of-the-art conventional chromatography-475 

based analytical platforms (16). Further research is also warranted to longitudinally follow up large-476 

scale cohorts of childhood overweight and obesity to consolidate the potential of MetaSAMP®-477 

based metabotyping as a risk categorization tool in precision medicine. Herein, ex vivo and in vivo 478 

sampling using the MetaSAMP® should contribute to cross-validate results and to further reveal 479 
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potential predictive and prognostic value of differential marker molecules qualified with the aid of 480 

more dedicated hyphenated techniques.  481 

Our biofluid-specific MetaSAMP®-LA-REIMS methodology provides a promising 482 

approach toward the first-line segregation of increased metabolic risk based on distinctive 483 

fingerprints that may overcome the limitations of conventional crude biofluid AIMS metabolomics 484 

analysis, such as matrix effects. Moreover, biofluid collection, transport and storage are 485 

substantially facilitated using our optimized biofluid-specific MetaSAMP®s while supporting the 486 

short-term metabolome stability, as such decreasing the possible loss of clinically relevant 487 

metabolites in the duration between the home/practitioner’s office sampling and laboratory-scale 488 

analysis. Rapid high-throughput fingerprinting by MetaSAMP®-LA-REIMS may as such be 489 

installed as a prescreening approach, circumventing costly and cumbersome analyses prior to the 490 

further in-depth study of discriminative metabolites.  491 

 492 

Materials and Methods 493 

 494 

Experimental Design 495 

Chemicals and Standards 496 

IPA, methanol (MeOH), ethanol (EtOH), and ACN (all LC‒MS-grade) were purchased 497 

from Fisher Scientific (UK). N,N-Dimethylformamide (DMF) and chloroform (CHCl3) were 498 

purchased from EMPLURA Merck Millipore (Belgium) and Sigma Aldrich (USA), respectively. 499 

Ultrapure water (UPW) was obtained through a Sartorius Arium 661 UV water purification system 500 

(Millipore, Belgium). Analytical standards (3-hydroxybutyric acid, linoleic acid, L-carnosine, 1,2-501 

dioleoyl-sn-glycero-3-phospho-rac-(1-glycerol) (DOPG), 1-palmitoyl-2-oleoyl-sn-glycero-3-502 

(phospho-rac-(1-glycerol)) (POPG), D-mannitol, myo-inositol, L-cysteine, L-arginine, L-503 

kynurenine and taurolitocholate-3-sulfate) and leucine enkephalin were purchased from Sigma‒504 

Aldrich (USA), ICN Biomedicals Inc. (USA), TLC Pharmchem (Canada), or Waters Corporation 505 

(Milford, MA). Information on the purchased polymers and preliminary evaluation of different 506 

polymer solutions is given under Supplementary Note 1. 507 

 508 

Electrospinning 509 

The polymers (PVP/PS) were loaded in a 20 mL syringe and fed through a syringe KD 510 

Scientific KDS-100-CE Pump Series 100 (Sigma Aldrich, USA) using a capillary 18G needle of 511 

0.80 mm inner diameter at a flow rate of 1 mL h–1 and 1.5 mL min–1 for the core (PVP/PS for the 512 

salivary and rectal MetaSAMP® and PVP/PS-PAN for the urinary MetaSAMP®) and PAN cover 513 
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layers, respectively. A Glassman High Voltage Series EH (High Bridge, USA) was clamped to the 514 

tip of the needle and was used to apply a voltage between 15-17.5 kV. The tip-to-collector distance 515 

was averaged at 15 cm but slightly altered during the ES process towards attaining a stable, i.e., 516 

steady-state, Taylor cone (65). The nanofibrous network was collected on a grounded, thick Al foil-517 

covered metal drum collector (Linari NanoTech, Italy) rotating at 125 RPM. All experiments were 518 

performed at ambient conditions, i.e., RT 22±2°C and RH 30±10%, in a fumehood (65). Modulated 519 

differential scanning calorimetry measurements were performed (Supplementary Fig. 3) to 520 

determine the Tg of the polymers in the blend. Specifications of the viscosity measurements, SEM 521 

analyses, modulated differential scanning calorimetry method and CAMs are elaborated under 522 

Supplementary Note 2. 523 

 524 

LA-REIMS Instrumental Analysis  525 

All LA-REIMS analyses were performed using our previously biofluid-specific optimized 526 

protocols (1), except for the rectal MetaSAMP®-LA-REIMS analysis for which the protocol was 527 

optimized as described in Supplementary Note 1. A mid-IR laser system (Opolette 2940, Opotek, 528 

Carlsbad, USA) was used as a desorption and ionization source hyphenated by a PTFE aerosol 529 

channeling tube to a Xevo G2-XS quadrupole time-of-flight (Q-ToF) mass spectrometer (Waters 530 

Corporation, Milford, MA). A brief description of the instrumental analysis is described under 531 

Supplementary Note 3. For all biofluid matrices, different solvents (MeOH, EtOH, IPA and CAN) 532 

and flow rates were investigated (Supplementary Note 3, Supplementary Fig. 12 and 533 

Supplementary Table 13), ranging from 150 to 300 µL min-1. 534 

 535 

Clinical Study Samples 536 

Fresh feces (Fecotainer®, Excretas Medical BV, The Netherlands) and urine from children 537 

(6-12 years, Metabolomics research on Early Metabolic Disease (MetaBEAse) cohort) and saliva 538 

from children (6–16 years, Obesity Prevention through Emotion Regulation in Adolescents 539 

(OPERA) cohort (41)) were collected upon approval by the Ghent University Hospital Ethics 540 

Committee (BC-06939 and EC 2016/0673, respectively). The MetaBEAse cohort is also registered 541 

at ClinicalTrials.gov (NCT04632511). Samples were stored at -80°C following collection and 542 

thawed at RT 22±2°C before analysis. Participant fecal samples underwent lyophilization (Christ 543 

1-4 Alpha LSCplus), resulting in an average removal of 55.9%±6.4% water. Saliva samples were 544 
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pretreated as described previously (13), and urine samples were used after thawing without 545 

additional processing.  546 

The study participants were of both sexes (Table 1), were pseudonymized, and did not 547 

receive antibiotic treatment for at least three months before sample donation or take any long-term 548 

medication (66). The classification was performed based on BMI z-scores (adjusted BMI for age 549 

and sex) (67) and IOTF score (68).  550 

 551 

Sample Preparation for Optimization and Short-term Stability Experiments  552 

For initial optimization experiments with the rectal MetaSAMP®, rectal sampling was 553 

mimicked by impregnating pieces (1 cm x 1 cm) of the electrospun PVP/PS membranes with the 554 

contents of freshly collected porcine colon and rectum (EC2018_70 and EC2018_91, Ghent 555 

University, Department of Translational Physiology, Infectiology and Public Health, Merelbeke, 556 

BE). To optimize and evaluate the short-term stability of the rectal, salivary and urinary 557 

MetaSAMP®s nanofiber composition, remaining aliquots from the samples of our MetaBEAse and 558 

OPERA pediatric cohorts (n=6 for each biofluid) were combined to create pooled QC samples that 559 

aimed to reflect inherent biological variation. Pooled QC samples of the 3 biofluids were used to 560 

maximize metabolite coverage without substantially increasing the number of analyses (12, 69). 561 

For the pooled QC sample used during optimization and short-term stability experiments, 562 

fecal water was prepared by the addition of UPW to the fresh fecal sample at a 1:4 ratio (w/v %) 563 

followed by homogenization (Stomacher 400, Seward, Worthing, UK) for 10 min at the highest 564 

intensity(70) (see also Supplementary Note 3, Supplementary Fig. 13 and Supplementary Table 15) 565 

and subsequent centrifugation (Rotanta 460R, Hettich Zentrifugen, Tuttlingen, Germany) at RT 566 

(500 x g, 2 min). The collected supernatant was divided into aliquots, which were stored at -80°C. 567 

As such, freeze‒thaw cycling, which may negatively affect metabolome stability(12), was limited 568 

since a new aliquot was used, after thorough vortexing (1 min at 400 x g, IKA vortex 3, IKA, 569 

Staufen, Germany), for every optimization experiment performed. A volume of 30 µL of fecal 570 

water, urine or saliva (1) was spiked onto an electrospun nanofibrous membrane piece of 1 x 1 cm 571 

in size, matching the dimensions of a 24-well plate (Greiner CELLSTAR, Greiner Bio One, 572 

Frickenhausen, Germany). Samples were allowed to extract for 10 min (impregnation time). For 573 

direct biofluid analysis (i.e., without MetaSAMP® impregnation), 100 µL of each sample was added 574 

to a 96-well plate (Greiner 96-well microplates, Greiner Bio One, Frickenhausen, Germany) in 575 

accordance with Plekhova (1).  576 

 577 
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Compositional Optimization and Short-term Stability Evaluation of the Biofluid-specific 578 

MetaSAMP®s  579 

The ratios at which PVP and PS were blended were controlled by varying the relative weight 580 

ratios of each polymer as well as the polymer weight relative to the total solution weight (w/w). A 581 

statistical design of experiments was constructed with the software programs ModdeTM (Sartorius, 582 

Germany) and JMPTM 12.0 (SAS Institute Inc., Cary, USA), whereby the compositions (polymer 583 

ratio (PVP%, w/w), polymer weight% (w/w)), duration of spinning the PAN cover layer (min) and 584 

duration of spinning the core membrane (h) were evaluated towards metabolome coverage, 585 

measurement repeatability (n=5) (66), summarized normalized LA-REIMS intensity(71) and 586 

quality of the fiber network by inspecting SEM images. Moreover, the addition of the PAN top 587 

layer (5-15%, w/w) was examined through the quality of the fiber network by SEM and evaluated 588 

in terms of metabolome coverage (Supplementary Tables 5 and 6). Subsequently, the number of 589 

molecular features covered and their relative number (%) with CV ≤30% (66) were compared.  590 

A short-term stability study of the impregnated optimized rectal, salivary and urinary 591 

MetaSAMP®s was performed by using QC pool samples (see above) for up to 48h at RT 22±2°C 592 

and 4°C. As described above, biofluids were either applied on the respective MetaSAMP® surface 593 

or analyzed as such directly upon collection (first timepoint) and after storage (second time point). 594 

For each condition 8 sample aliquots were analyzed, of which 3 replicate measurements were 595 

performed. 596 

 597 

Analytical and Biological Validation of the MetaSAMP®-LA-REIMS Methodology 598 

The optimized MetaSAMP® configurations were subjected to analytical (targeted and 599 

untargeted) and biological (untargeted) validation. To this end, feces and urine from children 600 

(MetaBEAse cohort, n=88, IOTF≥1 and n=146, IOTF <1) and saliva samples from children 601 

(OPERA cohort (41), n=66, IOTF 0, n=29 IOTF≥1) (13) were impregnated under the same 602 

experimental conditions as described above onto the optimized electrospun membranes.  603 

The instrumental, intra-assay precision or repeatability, and intermediate precision of the 604 

MetaSAMP®-LA-REIMS methodology was assessed to confirm the analytical method as fit-for-605 

purpose according to FDA recommendations (11, 55). This is, technical repeatability was assessed 606 

by LA-REIMS automated analysis (n=3 burns of the same sample) (1) of the pooled QC samples 607 

and standard mixtures. For the intra-assay and intermediate precision tests, 5 pieces from an 608 
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electrospun membrane were analyzed under repeatable experimental conditions by the same 609 

operator, and this setup was used again on a different day by another operator, respectively. 610 

The target analytes (30 µL at 100 ng µL-1) were spiked using a micropipette onto the rectal 611 

MetaSAMP® membranes in neat solvent (UPW and isopropylacohol, according to logP of the target 612 

analytes) as well as in fecal water into a 24-well plate (Greiner CELLSTAR, Greiner Bio One, 613 

Frickenhausen, Germany, and subjected to our automatic platform for LA-REIMS analysis(1). The 614 

mass spectra generated in MassLynxTM and through our in-house data analysis pipeline as well as 615 

mass accuracy data for both platforms were investigated, and the repeatability of the targeted 616 

analysis was examined using the CV values. For this purpose, we evaluated the accurate m/z values 617 

of detectable adducts of the molecular ions to three decimal places after mass drift correction (LA-618 

REIMS data and the monoisotopic mass from HMDB (56)). 619 

To assess the applicability of the MetaSAMP®-LA-REIMS platform, the established 620 

methodology was implemented in the clinical context of pediatric overweight and obesity (see 621 

above). The associations between anthropometric and clinical and metabolic blood data with 622 

molecular features were computed in those two independent cohorts (MetaBEAse and OPERA (41) 623 

cohorts) using Spearman’s rank correlation analysis (53) (absolute correlations reported with ρ) and 624 

corresponding FDR-adjusted p values (Wilcoxon rank-sum tests) for each pair of metadata and 625 

molecular feature under investigation. 626 

Ultrahigh-performance liquid chromatography coupled to HRMS analysis, a more 627 

comprehensive analysis technique that is conventionally used in metabolomics research (Tiers 1-3 628 

according to metabolite identification standards (69)), was addressed to enable metabolite 629 

annotation of potentially clinically relevant molecular features. For this purpose, a selection of 630 

representative crude stool patient samples (n=4, extracted stool samples, MetaBEAse cohort) and 631 

525 fecal in-house analytical standards (Supplementary Table 8) were analyzed according by 632 

combined complementary metabolomics (11) and lipidomics (66) analysis. 633 

For every validation experiment, a pool of randomly selected clinical cohort samples (n≥20) 634 

was prepared to include as QC sample during analysis to monitor instrument performance. For this 635 

purpose, QC samples were included at the beginning and end of the analytical batch (n=6), as well 636 

as during analysis (n=2) after every 10 samples, and samples were analyzed in a randomized order. 637 

 638 

Data and Statistical Analysis 639 

LA-REIMS molecular fingerprints were acquired by MassLynxTM (version 4.2, Waters, 640 

Corporation, Milford, MA, stored as raw directories). To counteract plausible time-dependent 641 
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instrumental variability, lock mass correction against the m/z value of leucine enkephalin (554.262 642 

Da for negative ion mode data) was performed and preprocessed using Progenesis® Bridge (version 643 

1.0.29) and QI (version 2.3., Waters Corporation, Milford, MA), as described previously (1). 644 

Further data analyses were conducted using R (version 3.4.3, Vienna, Austria) and Python (version 645 

3.7.4, Fredericksburg, VA, USA) (Supplementary Table 14). Preprocessed data were subjected to 646 

pretreatment optimization, including a range of tested normalization strategies, which included 647 

quality control-based robust locally estimated scatterplot smoothing signal correction (QC-RLSC 648 

algorithm) (13), internal QC correction, and total ion current (TIC) correction as well as their 649 

combinations. Molecular features, as addressed in terms of feature count and % of features below 650 

CV threshold, were assigned as relevant only when they occurred in at least 80% of QC replicates. 651 

For intensity analysis and the evaluation of replicate measures, mean, SD and CV values were 652 

calculated. All multivariate models were built using SIMCA® (Sartorius, Göttingen, Duitsland) 653 

after selection of the best raw data pretreatment strategy and the associated data. Unsupervised 654 

principal component analysis (PCA) was used for the identification of outliers, the evaluation of 655 

instrument stability based on QC clustering, and the assessment of the natural patterning of samples 656 

according to inherent metabolic fingerprints. Supervised multivariate statistical modeling using 657 

OPLS-DA was performed to assess the discriminative and predictive performance of the metabolic 658 

fingerprints. Additionally, ROC analysis of the fecal and urinary metabolome coverage 659 

(MetaBEAse cohort) was executed based on the logistic regression classification model (75-25 660 

train-test split after balancing data, performed using five-fold cross-validation). Logistic regression 661 

is a popular method to analyze injury case-control studies, and has some advantages over linear 662 

regression analysis, using maximum likelihood estimation methods. To optimize the predictive 663 

power of our models, molecular features (1750 in total) were iteratively eliminated from the dataset 664 

while monitoring the accuracy of models trained on this reduced dataset. Quantification of AUC 665 

values and corresponding 95% CI was performed using bootstrap resampling (n=200). To perform 666 

the Spearman correlation analysis, normalized, log-transformed and Pareto scaled datasets were 667 

used. In addition, univariate Wilcoxon rank-sum tests with continuity correction were performed 668 

with the normalized dataset (rectal MetaSAMP®) to study which molecular features showed good 669 

and significant (p<0.05) correlations with anthropometric and/or clinical parameters. Targeted data 670 

processing of the significant molecular features was carried out with XcaliburTM 3.0 software 671 

(Thermo Fisher Scientific, USA), whereby compounds were identified based on their m/z value, C-672 

isotope profile, and retention time relative to that of the internal standard, followed by putative 673 

identification (69) of significant and highly correlated LA-REIMS-MetaSAMP® features (mass 674 

deviation below 50 ppm). Pairwise univariate and multiple comparisons were evaluated for the 675 
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identified molecular features according to different IOTF groups based on Wilcoxon rank-sum test 676 

with continuity correction and Kruskal‒Wallis test with Dunn’s post-hoc test, respectively.  677 

The R language was also used for preprocessing, data handling, and statistical analysis of 678 

data from the targeted analysis of spiked analytes representing clinically relevant metabolites in 679 

(childhood) overweight and obesity (2) with varying physicochemical properties (mass error 680 

tolerance set at a maximum value of 150 ppm), including a visualization tool generating mass 681 

spectra and graphics (Supplementary Table 10).  682 
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 967 

 968 

Figure 1. MetaSAMP®-LA-REIMS enables direct rectal, salivary and urinary metabotyping.  969 

(A) A straightforward workflow for MetaSAMP® sampling hyphenated with LA-REIMS analysis. The analytes 970 

captured by MetaSAMP® (as a swab and/or kit configuration) are desorbed, and the resulting analyte-rich aerosol is 971 

directly transferred through a vent line to the inlet capillary, where subsequent quadrupole time-of-flight analysis takes 972 

place. Data are visualized in real-time through MassLynxTM software or an in-house data analysis pipeline across the 973 

mass range installed, i.e., 50 to 1200 m/z range, after which metabolomic alterations can be quickly revealed by 974 

multivariate data analysis, leading to first-line segregation and risk classification based on distinctive fingerprints for 975 

decision making in healthcare. (B) The 3-layered MetaSAMP® consists of a PAN cover layer, a PVP/PS core 976 

membrane, and an aluminium support layer as adhering electrically conductive collector. (C) The electrospinning setup 977 
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consists of a single-nozzle system that is duplicated to enable bidirectional electrospinning of the loaded polymer blends 978 

onto a continuously rotating drum. 979 

 980 

 981 

Figure 2. The use of MetaSAMPs® increases the richness and intensity of fecal, salivary and urinary metabolic 982 

fingerprints compared to those obtained with crude biofluid LA-REIMS-based metabotyping.  983 
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Head-to-tail comparison of LA-REIMS spectra obtained from impregnated (A) rectal, (B) salivary and (C) urinary 984 

MetaSAMPs® and feces, saliva and urine, respectively, measured in negative polarity mode (m/z range of 50–1200 Da 985 

depicted). The selected mirrored mass spectra are representative of the biofluid metabolomes of a child and adolescent 986 

with obesity (MetaBEAse cohort for the rectal and urinary and OPERA cohort (41) for the salivary MetaSAMP®s). 987 

Accompanying the mass spectra, radar charts visualized metabolome coverage of the crude biofluids (pooled QC 988 

samples originating from control children, n=3) and their corresponding optimized biofluid-specific MetaSAMP®. 989 

 990 

991 

Figure 3. MetaSAMPs® improve short-term (48h) biofluid-specific metabolome stability as compared to crude 992 

biofluid analysis.  993 

(A) 3D-PCA score plots presenting metabolome fluctuations upon storage at 4°C (day 0 versus day 2). The molecular 994 

feature count per ICC interval of pooled QC (B) fecal, saliva and urine samples, and the corresponding impregnated 995 

MetaSAMP®s (n=6 per biofluid) analyzed via LA-REIMS are depicted via histograms upon short-term storage at 4°C. 996 

 997 
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 998 

Figure 4. Biofluid-specific MetaSAMP®-LA-REIMS molecular features reflect anthropometric measures and 999 

clinical and metabolic blood markers.  1000 
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(A-C) OPLS-DA score plots as obtained upon LA-REIMS fingerprinting of biofluid-specific MetaSAMPs® with 1001 

clustering according to weight classification in the patient cohorts, i.e., (A) stool (R2(Y)=0.96, Q2(Y)=0.63, CV-1002 

ANOVA p=1.15e-13), (B) saliva (R2(Y)=0.98, Q2(Y)=0.53, p=4.05e-5) and (C) urine (R2(Y)=0.64, Q2(Y)=0.58, 1003 

p=1.68e-11). ROC curves are plotted using logistic regression analysis to visualize the predictive performance of LA-1004 

REIMS analysis in negative polarity mode with (D) rectal MetaSAMP® and e. urinary MetaSAMP® based on IOTF 1005 

classification (n=127 with IOTF=0, n=54 with IOTF=1 and n=34 IOTF ≥1).  Beeswarm boxplots showing the strongest 1006 

observed links (anthropometrical measurements and clinical/metabolic blood metadata, horizontal) according to 1007 

Spearman’s correlation (vertical), with molecular features measured using the (F) rectal, (G) salivary and (H) urinary 1008 

MetaSAMPs®. Only the 50 strongest significant correlations of molecules and parameter under observation were 1009 

included, based on Spearman’s ρ-value. The interior middle line in the beeswarm boxplots represents the median, lower 1010 

and upper bounds of the box represent the 25th and 75th percentile values, respectively. Whiskers are drawn from the 1011 

corresponding box boundary to the most extreme data point located within the box bound ± 1.5 × interquartile range. 1012 

Beeswarm dots represent Spearman’s correlations of individual molecular features with the parameter under 1013 

investigation.  1014 

 1015 
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 1016 

Figure 5. Metabolites detected using rectal MetaSAMP®-LA-REIMS enable individual stratification based on 1017 

anthropometric and clinical blood markers.  1018 

(A) Heatmaps showing relative levels of LA-REIMS (negative ion mode)-derived molecular features that showed 1019 

significant (FDR-adjusted p<0.05, marked with an asterisk) Spearman correlations with anthropometric measures 1020 

and/or clinical/metabolic blood parameters from the MetaBEAse cohort. The molecular features (n=81 unique 1021 

correlation structures) with the highest absolute correlation values and at least 4 significant associations (in-between 1022 
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comparisons adjusted p values ≤0.01, using FDR correction). (B) Beeswarm boxplots of discriminatory features 1023 

between normal weight (IOTF<1), overweight (IOTF=1) and obese (IOTF>1) children with corresponding corrected p 1024 

values. The interior horizontal line represents the median value, lower and upper bounds of the box represent the 25th 1025 

and 75th percentile values, respectively, and whiskers are drawn from the corresponding box boundary to the most 1026 

extreme data point located within the box bound ± 1.5 × interquartile range. The beeswarm dots represent the 1027 

Spearman’s correlation of the individual metabolic feature intensity with the parameter under investigation. Statistical 1028 

analysis was performed using a Wilcoxon rank sum test with continuity correction for the heatmap and pairwise 1029 

univariate comparisons and Kruskal‒Wallis with Dunn’s post-hoc test for multiple comparisons. 1030 

 1031 

Table 1. Demographic and anthropometric cohort findings. Data from the MetaBEAse and OPERA(41) cohorts 1032 

comprising overweight and normal weight children. 1033 

 MetaBEAse OPERA 

MetaSAMP®                    # REIMS analyses 

Rectal 534 

NA 

532 

 NA 

Salivary  372 

Urinary  NA 

   

Demographics  Mean ± SD (or expressed in %) 

 # of 

subjects 

 # of 

subjects 

 

Mean age (years) ±SD 234 9 ± 2 101 14.0 ± 2 

Sex 234 45% female 101 55% female 

Puberty     

Tanner stage ≤1 234 100% 7 7% 

Tanner stage >1   91 93% 

 

Anthropometrics 

 

 

   

BMI-z scores 234  101  

    Range  -3-3  -2-4 

    ≤ -2.0 

(underweight) 

 5 (2.1%)  1 (1.0%) 

    Between -2.0 and ≤ 1.0 

(normal weight) 

 136 (58.1%)  69 (68.3%) 

    Between 1.0 and < 2.0 (overweight)  36 (15.4%)  19 (18.8%) 

    ≥ 2.0 (obese)  57 (24.4%)  12 (11.9%) 

IOTF 234  101  

    Range  -3-3  -1-2 

    ≤-1 (underweight)  19 (8.1%)  4 (4.0%) 

    0 (normal weight)  127 (54.3%)  66 (65.3%) 

    1 (overweight)  55 (23.5%)  20 (19.8%) 

    ≥2 (obese)  33 (14.1%)  11 (10.9%) 

WC (cm) 215 67.0 ± 12.6 101 74.6 ±10.3 

WHR 214 0.49 ± 0.07 101 0.45 ± 0.07 

Fat (%) NA  98 23.8 ± 8.7 

Systolic BP 215 105 ± 14.3 NA  

Diastolic BP 215 67 ± 9.6 NA  

Heart rate (bpm) 27 79.4 ± 12.2 86 77.3 ± 10.5 

 

Clinical laboratory tests 
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Abbreviations: LDL, low-density lipoprotein; HDL, high-density lipoprotein; HbA1c, hemoglobin A1c; TSH, thyroid-1034 

stimulating hormone; fT4, free thyroxine; (hs)-CRP, (highly sensitive) C-reactive protein; IL, interleukin; INF, 1035 

interferon; TNF, tumor necrosis factor; ALT, alanine transaminase; AST, aspartate transaminase; AF, alkaline 1036 

phosphatase; IGF-1, insulin-like growth factor 1; SHBG, sex hormone-binding globulin; DHEAS, 1037 

dehydroepiandrosterone sulfate. 1038 

 1039 

LDL cholesterol (mg dL-1) 55 97.0 ± 18.9 75 87.6 ± 21.0 

Triglycerides (mg dL-1) 64 77.7 ± 35.5 75 81.9 ± 41.8 

HDL cholesterol (mg dL-1) 63 50.3 ± 10.1 75 59.7 ± 13.7 

Fasting plasma glucose (mg dL-1) 84 87.6 ± 6.7 75 88.1 ± 6.7 

Cholesterol (mg dL-1) 64 154.9 ± 16.8 75 159.2 ± 28.1 

HbA1c (%) 18 5.3 ± 0.2 76 5.3 ± 0.3 

Fasting plasma insulin (pmol L-1) 58 80.7 ± 35.7 75 13.3 ± 9.7 

TSH (mU L-1) 51 2.3 ± 0.8 75 2.4 ±1.1 

fT4 (pmol L-1) 43 14.9 ± 2.4 75 15.4 ± 2.2 

(hs-)CRP (mg L-1) 55 2.1 ± 1.6 76 1.1 ± 1.5 

IL-10 (pg mL-1) NA  78 0.4 ± 0.7 

IL-6 (pg mL-1) NA  78 0.5 ± 0.5 

IL-8  (pg mL-1) NA  78 10.6 ± 5.2 

IFN (pg mL-1) NA  78 13.8 ± 43.4 

TNF (pg mL-1) NA  78 1.8 ± 0.6 

Polymorphonuclear cells (%) 52 49.0 ± 9.2   

Lymphocytes (%) 62 36.3 ± 9.0   

ALT (U L-1) 69 19.2 ± 5.6   

AST (U L-1) 72 26.4 ± 5.2   

AF (U L-1) 29 272.0 ± 60.6   

Ureum (mg dL-1) 65 28.1 ± 6.2   

Creatinine (mg dL-1) 56 0.47 ± 0.1   

Cortisol (ng mL-1) 47 79.0 ± 67.0   

25-hydroxyvitamin D (ng mL-1) 47 33.5 ± 19.9   

Uric acid (mg dL-1) 36 4.6 ± 0.9   

IGF-1 (µg L-1) 31 188.5 ± 55.8   

SHBG (nmol L-1) 42 49.1 ± 20.1   

DHEAS (µg dL-1) 33 93.9 ± 61.0   


