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5 ABSTRACT: Metabolomics is emerging as an important field in
6 life sciences. However, a weakness of current mass spectrometry
7 (MS) based metabolomics platforms is the time-consuming
8 analysis and the occurrence of severe matrix effects in complex
9 mixtures. To overcome this problem, we have developed an
10 automated and fast fractionation module coupled online to MS.
11 The fractionation is realized by the implementation of three
12 consecutive high performance solid-phase extraction columns
13 consisting of a reversed phase, mixed-mode anion exchange, and
14 mixed-mode cation exchange sorbent chemistry. The different
15 chemistries resulted in an efficient interaction with a wide range of
16 metabolites based on polarity, charge, and allocation of important matrix interferences like salts and phospholipids. The use of short
17 columns and direct solvent switches allowed for fast screening (3 min per polarity). In total, 50 commonly reported diagnostic or
18 explorative biomarkers were validated with a limit of quantification that was comparable with conventional LC−MS(/MS). In
19 comparison with a flow injection analysis without fractionation, ion suppression decreased from 89% to 25%, and the sensitivity was
20 21 times higher. The validated method was used to investigate the effects of circadian rhythm and food intake on several metabolite
21 classes. The significant diurnal changes that were observed stress the importance of standardized sampling times and fasting states
22 when metabolite biomarkers are used. Our method demonstrates a fast approach for global profiling of the metabolome. This brings
23 metabolomics one step closer to implementation into the clinic.

24Metabolomics is increasingly important in the field of life
25 sciences. It is used for the screening of inborn errors of
26 metabolism,1 precision medicine,2 and discovery of new
27 biomarkers for health, disease, and intervention.3 To
28 accommodate this increased interest, there is a need for fast
29 and comprehensive screening of the metabolome.4 Mass
30 spectrometry (MS) is a highly sensitive technique, and MS-
31 based methods can screen a large range of metabolites in a
32 single run.5 This makes MS highly suitable for comprehensive
33 metabolomics. The downside of MS is that it often requires
34 extensive sample preparation and separation to reduce
35 interferences of complex biological samples at the ionization
36 source.6

37 Flow injection analysis coupled to mass spectrometry (FIA−
38 MS) is an appealing approach in fast and comprehensive
39 screening since there is no chromatography that discriminates
40 against compound classes or decreases the throughput.7 The
41 sample preparation of these methodologies is often a “dilute-
42 and-shoot” approach, whereby dilution is applied to decrease
43 the interference of the sample matrix at the ionization source.
44 However, these methods often suffer in terms of sensitivity
45 because the analytes are also diluted or high abundant matrix
46 interferences still cause severe ion suppression.8 Therefore,
47 sample preparation remains an important aspect in fast MS

48analysis to decrease the sample complexity while maintaining a
49sufficient analyte concentration. Liquid−liquid extraction
50(LLE) has been performed in parallel and coupled to FIA−
51MS to improve throughput and coverage.9 However, solid-
52phase extraction (SPE) has been coupled online to mass
53spectrometry in the RapidFire system resulting in analyses
54times of around 8.5 s.10 By using LLE or different SPE sorbents
55in parallel, however, the cleanup efficiency remains limited.
56Generally, these approaches only result in two fractions
57(water/organic fraction in LLE and flow-through/elution
58fraction in SPE) and fractions are ionized at once without
59within-fraction separation.
60In this work, we demonstrate a comprehensive and fast
61sample preparation method coupled online to MS. The
62method utilizes two important chemical properties of the
63metabolome: polarity and charge. Three consecutive high
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64 performance (particle size ≤5 μm) SPE columns, consisting of
65 a reversed phase, mixed-mode cation exchange, and mixed-
66 mode anion exchange sorbent chemistry, are coupled online to
67 a mass spectrometer. This ensured the allocation of
68 metabolites into different fractions (flow-through; polar/
69 neutral, reversed phase; apolar, cation exchange; polar and
70 positive, anion exchange; polar and negative). Moreover, it also
71 removed known ion suppressors from different fractions
72 minimizing their adverse effects during electrospray ionization.
73 Phospholipids and salts are held responsible for a majority of
74 signal suppression during electrospray ionization of plasma
75 samples.11 By using a fractionation approach based on polarity
76 and charge, phospholipids are retained on the reversed phase
77 column, whereas positive and negative salt ions are trapped on
78 and eluted from the cation and anion exchange, respectively.
79 Another benefit of serially coupled columns is the flow-through
80 fraction, which is cleaned by three sorbent chemistries instead
81 of one in conventional single-column methods. The advantage
82 of online fractionation over offline fractionation is that it allows
83 for some separation between compounds within a fraction
84 prior to electrospray ionization. Hereby, retained ion
85 suppressors could elute at another time than retained analytes.
86 To our knowledge, this is the first publication that reports the
87 use of serially coupled high performance SPE columns to
88 realize an online fractionation including some separation prior
89 to MS analysis. The strength of this platform is emphasized by
90 the use of short analytical columns which allow for fast solvent
91 switches while still benefiting from chromatographic separa-
92 tion.
93 We have developed a targeted platform for the analysis of 50
94 commonly reported diagnostic or explorative biomarkers.12−14

95 These compounds belong to the following compound classes:
96 amino acids, amines, purines, sugars, acylcarnitines, organic
97 acids, and fatty acids. We present a fast online sample
98 preparation method that fractionates these compound classes
99 in plasma. Several online SPE columns have been evaluated for
100 their ability to fractionate plasma prior to MS analysis. The
101 optimized methods for both positive and negative electrospray
102 ionization mode have been validated and applied in a study
103 investigating the effect of circadian rhythm and food intake on
104 several metabolite classes. This study should give insight into
105 the diurnal variations of the studied biomarkers. These
106 variations are important to assess because they could
107 potentially be misinterpreted as disease or intervention related
108 variations. This misinterpretation compromises the diagnostic
109 and explorative power of a potential biomarker.

110 ■ MATERIALS AND METHODS
111 Chemicals. An overview of the used (internal) standards
112 and concentrations is provided in the Supporting Information
113 (SI Tables S1 and S2). Water was obtained from an arium pro
114 UF/VF water purification system with a Sartopore 2 0.2 μm
115 filter. Methanol (Ultra-LC−MS grade) was purchased from
116 Actu-All (Oss, The Netherlands). Ammonium hydroxide (28−
117 30 wt % solution of ammonia in water) and formic acid (98%)
118 were purchased from Acros Organics (Bleiswijk, The Nether-
119 lands). Ammonium acetate (≥99.0%) and ammonium formate
120 (≥99.995%) were purchased from Sigma-Aldrich (Zwijn-
121 drecht, The Netherlands).
122 Method Development. We have used polymeric mixed-
123 mode ion exchange columns because they provide a superior
124 pH stability over other ion exchange sorbent types. Several ion
125 exchange columns have been evaluated according to the

126retention, trapping, and elution performances of representative
127standards. We tested four low performance (particle size >5
128μm), four high performance Sepax (particle size 1.7−5 μm),
129and four high performance Zirchrom (particle size 3 μm) SPE
130columns. The low performance, Sepax, and Zirchrom SPE
131columns were composed of four mixed-mode ion exchange
132types (strong cation exchange (SCX), strong anion exchange
133(SAX), weak cation exchange (WCX), and weak anion
134exchange (WAX)). Similar loading and elution buffers were
135used for each type of ion exchange. The evaluated ion
136exchange columns, loading, and elution buffers explored during
137development can be found in the SI (Table S3). The selected
138ion exchange columns were coupled to a reversed phase
139column and ordered in a way that was most beneficial in terms
140of matrix effect reduction and peak shape. The reversed phase
141column was a ZORBAX Extend-C18, 2.1 × 5 mm, 1.8 μm
142guard column from Agilent Technologies Netherlands
143(Waldbronn, The Netherlands).
144Five cationic compounds were used to represent different
145types of cations (leucine, glutamic acid, arginine, hypoxanthine,
146and choline) and four anionic compounds were used to
147represent different types of anions (lactic acid, malic acid, citric
148acid and indoxyl sulfate). The amino acids consisted of cationic
149and anionic functional groups. Glucose functioned as a neutral
150marker and indicated whether ions were efficiently removed
151from the column flow-through.
152Validation. Individual stock solutions and calibration
153mixtures were stored at −80 °C. In each specific fraction,
154there was at least one internal standard present. In total seven
155calibration points were used (C1−7). The highest calibration
156concentration is referred to as C7 (SI Table S1) and the
157subsequent concentrations were 1:1 dilutions of the previous
158concentration. All calibration standards were included in the
159same stock solution and all calibration solutions were
160composed of 69% methanol in water. C0 was prepared by
161adding 69% MeOH without standards. Within the calibration
162range, C4 and the internal standard concentration were set to
163mimic the physiological concentration of the analyte found on
164the Human Metabolome Database (HMDB).15 Calibration
165curves were constructed by standard addition of the calibration
166standards to plasma samples. The repeatability of the method
167was determined by the relative standard deviation of three
168replicates of three different concentrations (C0, C2, and C4).
169The intermediate precision was determined by the relative
170standard deviation of three different concentrations (C0, C2,
171and C4) on three different days (N = 9). The matrix effect was
172determined by the ratio of the peak area of the internal
173standard in a plasma and water sample.16 Ion suppression was
174determined by subtracting 100% by the matrix effect. Ion
175suppression of ion enhanced compounds was set at 0% when
176calculating the mean ion suppression.

= ×matrix effect
area ISTD in plasma
area ISTD in water

100%
177(1)

= −ion suppression 100% matrix effect 178(2)

179The carryover was evaluated as the ratio of the peak area in a
180blank sample and the peak area in a pooled plasma sample that
181was analyzed just before the blank (N = 3). Ten concentration
182levels of internal standards were used to determine the limit of
183detection (LOD) and lower limit of quantification (LLOQ).
184The highest concentration was C6 which was four times the
185physiological value of the unlabeled counterpart (SI Table S2)
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186 and the subsequent concentrations were 1:1 dilutions of the
187 previous concentration. The LOD (formula 3) and LLOQ
188 (formula 4) were determined by the following formula which
189 used the peak area of a blank, the standard deviation (SD) of
190 the lowest concentration with a S/N greater than 3 (Clow) and
191 the response factor (RF), which was calculated by the ratio of
192 the peak area and concentration of Clow.

=
× +

[ ]( )
LOD

3 SD areaC

C

area blank

areaC

low

low

low193 (3)

=
× +

[ ]( )
LLOQ

10 SD areaC

C

area blank

areaC

low

low

low194 (4)

195 Sample Preparation. During the method validation, 30
196 μL EDTA plasma aliquots, 30 μL of calibration standard and
197 30 μL of the internal standard solution, H2O and MeOH were
198 mixed reaching a total volume of 195 μL and 71% MeOH. The
199 mixture was vigorously vortexed and centrifuged (10 min,
200 16 100g, 4 °C). After centrifugation, 100 μL of the supernatant
201 was transferred into an autosampler vial containing a 150 μL
202 insert. Study samples were prepared by mixing 15 μL EDTA
203 plasma, 15 μL of internal standard solution, H2O, and MeOH
204 reaching a total volume of 97.5 μL and 71% MeOH (same
205 ratios as during method validation). The vortex and centrifuge
206 step remained the same, and 50 μL of the supernatant was
207 transferred into an autosampler vial containing a 150 μL insert.
208 The flow injection analysis (FIA) sample preparation was
209 adapted from Carducci et al.17 Ten microliters of EDTA
210 plasma and internal standard solution were mixed with
211 methanol, water, and acetic acid to reach a final solution of
212 80% methanol, 0.1% acetic acid and a plasma dilution ratio of
213 100. This dilution ratio was found to give the highest
214 sensitivity after testing plasma dilution ratios of 10 to 500.
215 An adjusted Bligh and Dyer LLE was also performed prior to
216 the FIA.18 Ten microliters of EDTA plasma and internal
217 standard solution were extracted with methanol, dichloro-
218 methane, and water (v/v/v, 2/2/1.8) reaching a total volume
219 of 1000 μL. 200 μL of the apolar and 200 μL of the polar
220 fraction were evaporated and separately reconstituted in 200
221 μL 0.1% acetic acid in 80% MeOH.
222 Fractionation and Mass Spectrometry. A Shimadzu
223 Nexera UHPLC (Darmstadt, Germany) was connected to a
224 Sciex X500R QToF (Darmstadt, Germany). The setup was
225 extended by a stand-alone Agilent 1260 Infinity Isocratic Pump
226 (Waldbronn, Germany) and two VICI six-port valves

f1 227 (Rotterdam, The Netherlands). Figure 1 shows a schematic
228 overview of the setup.
229 The injection volume of the fractionation method was set at
230 1 μL and the flow rate at 800 μL/min. In positive mode, the
231 C18, WAX, and SCX columns were loaded consecutively. The
232 mobile phases consisted of 0.2% formic acid in water for
233 loading (gradient pump: A), 2 mM ammonium acetate in
234 methanol for the C18 elution (gradient pump: B) and 100 mM
235 ammonium acetate pH 10 for ion exchange elution (IEX
236 pump). In negative mode, the C18 and WAX columns were
237 loaded consecutively. The mobile phases consisted of 2 mM
238 ammonium acetate in water for loading (gradient pump: A), 2
239 mM ammonium acetate in methanol (gradient pump: B) for
240 the C18 elution and 100 mM ammonium formate pH 10.5 for
241 ion exchange elution (IEX pump). When the gradient pump

242was selected, the IEX pump pumped the solvent back to the
243solvent bottle. When the IEX pump was selected, the gradient
244pump flow was directed to waste. By using two other six-port
245valves, the IEX columns could be switched in and out of the
246line of the LC flow. The total runtime was 3 min and the
247detailed timetable of the fractionation in positive and negative
248mode can be found in the SI (Table S4 and S5).
249The flow injection analysis (FIA) method was adapted from
250Carducci et al.17 The injection volume was set at 20 μL and the
251flow rate at 80 μL/min. The mobile phase consisted of 80%
252methanol in water. Although the mobile phase contained no
253additives, the sample diluent contained 0.1% acetic acid which
254was sufficient to promote ionization. At 0.8 min, the flow rate
255was increased to 800 μL/min for 0.5 min to flush the system
256and at 1.3 min the flow rate returned to 80 μL/min. The total
257analysis time was 1.4 min. The MS parameters can be found in
258the SI (Table S6).
259The data were processed in Analytics of Sciex OS 1.6. For
260the targeted processing, the analytes were integrated by
261integrating the signal of the M+H (in positive mode) and
262M−H (in negative mode) ion with an XIC width of 0.01 Da.
263Glucose was measured as an M+Na ion and choline was
264measured as an M+ ion. The untargeted data processing was
265performed using the “Nontargeted Peaks” function in Analytics
266(see detailed information in the SI Table S11C).
267Effect of Circadian Rhythm and Food Intake on
268Metabolite Classes. The effect of circadian rhythm and food
269intake on the metabolite classes was evaluated for 10 healthy
270male volunteers (aged 18−45 years). The clinical study was
271approved by the Ethical Committee of the Centre for Human
272Drug Research Leiden and all volunteers signed an informed
273consent form. The study design has previously been
274published.19 In short, blood samples were collected over 24
275h under uniform conditions for food intake, physical activity,
276and night rest. At each time point, 20 mL of blood was drawn
277into two 10 mL BD Vacutainer K2EDTA tubes and kept on
278ice. The tubes were gently inverted multiple times and
279centrifuged (1000g, 15 min, 4 °C). Plasma samples were
280aliquoted and stored at −80 °C prior to analysis. A quality
281control (QC) was prepared by pooling 15 μL of every
282individual study sample. A QC sample was analyzed every 10
283samples. Metabolites with an RSD below 15% throughout the
284QC samples were included in the data analysis.
285Each metabolite was normalized on the first time point and
286subsequently log-transformed using the natural logarithm.
287Then, the metabolites were allocated to six different compound
288classes (amino acids, amines, hexose, acylcarnitines, organic

Figure 1. Online fractionation setup. Valve 1, which was located on
the mass spectrometer, was used to change between the IEX pump
and the gradient pump. Valves 2 and 3, VICI valves, were used to
switch the mixed-mode ion exchange columns in or out of line.
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289 acids, or fatty acids). An overview of the compound classes is
290 provided in the SI (Table S7). Within each compound class, all
291 metabolite concentrations were averaged per time point and
292 volunteer. A Wilcoxon Signed Rank test was used to assess the
293 change in this mean per time point relative to the baseline.20 A
294 multiple comparisons correction (Benjamini−Yekutieli, < 0.1)
295 was used to adjust the p-values for multiple testing.21 All
296 statistical analyses were performed in R (version 3.4.3).22

297 ■ RESULTS AND DISCUSSION

298 Method Development. This study aims to develop an
299 efficient and fast methodology to minimize matrix effects,
300 focusing on salt and (phospho)lipid removal. Lipid removal
301 was accomplished by a reversed phase column and salt removal
302 by mixed-mode ion exchange columns. An Agilent ZORBAX
303 Extend-C18 UPLC guard column was selected as the reversed
304 phase column because it demonstrated superior separation and
305 peak shape over low performance SPE columns.

t1 306 Table 1 provides an overview of the performance of the
307 evaluated ion exchangers. The grading scheme is depicted by
308 numbers and colors indicating good (positive and green) or
309 bad (negative and red) performances. Table 1 indicates that

310the WCX columns had a relatively low trapping efficiency as
311most of the analytes eluted at the dead time (grade 0). Most of
312the analytes were efficiently retained or trapped (grades 1 and
3132, respectively) by the SCX columns. However, choline could
314not be eluted in the Hysphere column and arginine caused
315breakthrough (grade −1) in the Zirchrom column indicating a
316superior performance of the Sepax column. The right part of
317Table 1 shows that all SAX columns did not allow the
318desorption of indoxyl sulfate (grade −3) indicating that this
319type of anion exchanger could be exhausted over time due to
320the irreversible binding of analytes. The Sepax WAX was
321suitable for all representative analytes, whereas the Oasis
322column was too strong (grade −3 for indoxyl sulfate) and the
323Zirchrom column repeatedly resulted in extreme tailing (grade
324−2). The Sepax SCX and WAX columns were unsurpassed in
325terms of retention and trapping and allowed for the analysis of
326all representative compounds. Therefore, we selected these
327columns for the trapping of the ionic species. The combination
328of a WAX and SCX also provided the possibility to use a
329similar elution buffer for both columns. The elution from a
330WAX column requires a high pH to remove the positive charge
331on the sorbent, whereas the high pH removes the positive

Table 1. Evaluation of Different Mixed-Mode Cation and Anion Exchange Columnsa

aThe grading scheme is as follows: elution at dead time: 0; retention: 1; trapped and eluted: 2; trapped and separated during elution: 3; no peak
visible: −3; extreme tailing: −2; breakthrough: −1).

Figure 2. Extracted ion chromatogram of a pooled plasma sample measured by the fractionation method in positive and negative mode. The
phospholipid elution window (phospholipid elution profile shown in SI Figure S1) in negative mode is indicated by the gray area. All the ions are
measured by M+H in positive mode and M−H in negative mode, apart from hexose which was measured as a sodium adduct. For visualization
purposes, the phospholipids and fatty acids were extracted using the one 13C m/z value.
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332 charge of the analytes during the elution of an SCX column.
333 Besides, the high pH is accomplished by the use of ammonia,
334 which is a suitable counterion for an SCX column.
335 The silica material of the ZORBAX Extend-C18 guard
336 column was end-capped with methyl groups which made the
337 sorbent resistant to high pH. Therefore, this particular column
338 could be permanently in line with the flow. In contrast, the IEX
339 columns were switched out of the line during C18 elution
340 because this improved retention. In negative mode, the WAX
341 elution profile was better in the absence of the SCX column.
342 Since the SCX column did not contribute to the reduction of
343 ion suppression in negative mode, this column was
344 permanently switched out of the line during the analysis in
345 negative mode. The IEX methods were further optimized to
346 improve retention and peak shapes and to minimize carry-over.

f2 347 Fractionation Characteristics. Figure 2 shows the
348 chromatograms of a pooled plasma sample measured with
349 the final fractionation methods in positive and negative mode.
350 The chromatogram contains three different fractions in
351 positive mode (flow-through: polar neutral/positive; IEX:
352 polar positive, and C18: apolar) and three fractions in negative
353 mode (flow-through: polar neutral/negative; IEX: polar
354 negative and C18: apolar). An overview of the fractions and
355 charge of the analytes during loading is supplied in the
356 Supporting Information (Table S7). The elution profile of the
357 phospholipids in the negative fractionation method is
358 measured in positive MS polarity (because of ionization
359 efficiency) and shown in the SI (Figure S1). The phospholipids
360 are separated from both the acylcarnitines and the fatty acids
361 and therefore could not suppress their ionization. This stresses
362 the importance of the combined online fractionation and
363 separation. If these fractions were collected offline and
364 subsequently injected into the MS, then the phospholipids
365 would have been ionized simultaneously with the fatty acids
366 and acylcarnitines. The salts were most likely divided over the
367 mixed-mode ion exchangers (SCX and WAX in positive mode

368and WAX in negative mode) and eluted during the ion
369exchange elution. By allocating these known ion suppressors
370over different fractions, we minimized the ion suppression in a
371limited amount of time.
372In general, the flow-through fraction contained analytes that
373were polar and consisted of a zero and/or one net charge
374during loading. Singly charged compounds experienced some
375retention in positive mode, but no retention in negative mode.
376The lack of retention might be explained by the counterion
377effect of the high concentrations of salts in plasma. In positive
378mode, a remaining negative charge on the acids might have
379impaired the retention of amino acids. The second fraction
380comprised all the components that were trapped on the ion
381exchange columns. A compound was efficiently trapped on the
382IEX column if it consisted of multiple net charges or was in
383equilibrium between one net charge and multiple charges at
384the pH during loading. The third fraction consisted of all the
385apolar compounds, which were efficiently trapped on and
386eluted from the C18 column.
387Creatinine was strongly retained but not trapped on the
388SCX column. Creatinine had one positive net charge and two
389additional neutral nitrogen atoms, which could have potentially
390increased the interaction with the stationary phase. We did not
391find any other compounds that resulted in multiple peaks due
392to breakthrough or multiple trappings. Nongaussian shaped
393peak areas were obtained by integrating the area under the
394curve between the two intersections with the baseline. These
395compounds were corrected by their corresponding internal
396standard because their peak shape and retention time were
397similar (see SI Figure S2 for the example of creatinine(-D3)).
398Other analytes were corrected either by their corresponding
399internal standard or by an internal standard that coeluted.
400Method Validation. The validation was performed by
401assessing the repeatability, intermediate precision, carryover,
402LOD, LLOQ, and the matrix effect of the method. The results
403of the validation can be found in the SI (Table S8).

Figure 3. Performance comparison of the fractionation (Frac) method and flow injection analysis (FIA). The graph shows the matrix effect for each
internal standard measured by either the fractionation method (red) or FIA (blue). Compounds with 0% matrix effect (indicated by *) were not
detected at C4 levels. Compounds that experienced ion enhancement (matrix effect >100%) were cut off at a matrix effect of 120% (values are
indicated in corresponding colors). The table on the right shows the lower limit of quantification (LLOQ) of FIA and fractionation as well as the
physiological plasma levels (HMDB values).29 (** = not detected at C7 levels).
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404 The mean repeatability and intermediate precision were 6.0
405 and 7.1%, respectively. The relative standard deviation of 48
406 compounds was below 15% and two components varied more
407 than 15%: TMAO and guanine. This was most likely caused by
408 the low signal of these analytes due to the low physiological
409 concentration and the low molecular weight. In total, 1071
410 injections were performed on the same set of columns with a
411 sufficient repeatability as is shown in the validation (first
412 injections) and biological application (last injections). The
413 coefficient of determination (R2) was on average 0.995, which
414 indicated a good linearity of the fractionation method. The
415 linearity of 47 compounds was higher than 0.99 and three
416 compounds revealed a linearity lower than 0.99. The linearity
417 of C16- and C18-carnitine was compromised by matrix
418 interferences since a calibration curve constructed in water
419 demonstrated a sufficient linearity (>0.99). All the acylcarni-
420 tines were corrected by the same internal standard, i.e.,
421 octanoylcarnitine-d3. This internal standard corrected well for
422 coeluting analytes C8- and C10-carnitine. C16- and C18-
423 carnitine were more strongly retained and eluted further away
424 from the internal standard and closer to the (phospho)lipids.
425 Therefore, the linearity of these analytes would be improved by
426 the correction of a more apolar internal standard. The lower
427 linearity of docosapentanoic acid was found for both plasma
428 and water samples. The reason for this was unknown.
429 The LOD and LLOQ were determined by spiking several
430 internal standards in plasma. This was done because the
431 analytes of interest were endogenous and differences in
432 chromatography were observed between water and plasma

f3 433 samples. Figure 3 demonstrates that physiological blood levels
434 as reported in literature were higher than the calculated LLOQ
435 indicating a sufficient sensitivity of the method. The average
436 carryover was 0.5% when a blank sample was measured after a
437 QC sample. In total 48 compounds demonstrated a lower
438 carryover than 2%. There were two compounds with a higher
439 carryover: methionine (5.3%) and decanoylcarnitine (2.4%).
440 The carryover of methionine can be explained by the fact that
441 sulfur sticks to stainless steel.23 The reason for the carryover of
442 decanoylcarnitine was unclear. Although a slight carryover has
443 been observed, we expect no problems with respect to the
444 quantification of study samples. The analytes of interest are
445 endogenous compounds, which are present in every studied
446 person. This will ensure that a small carryover will have a
447 limited effect on the quantification values of the analytes.
448 Fractionation versus Flow Injection Analysis and
449 Conventional Liquid Chromatography. In order to
450 demonstrate the cleanup efficiency of the fractionation
451 method, we measured spiked internal standards in plasma
452 and water. Hereby, the matrix effect, ion suppression, and
453 LLOQ were determined for the fractionation and an FIA
454 method. Figure 3 shows that the mean ion suppression of the
455 fractionation method was 25%, whereas the mean ion
456 suppression in the FIA method was 89%. We have previously
457 reported the effects of salts and phospholipids on the ESI.11

458 The fractionation method provides a fast solution to minimize
459 ion suppression caused by these matrix interferences. The use
460 of three orthogonal columns allocated phospholipids, negative
461 and positive salts into three different fractions. The online
462 elution into the MS and the use of high performance SPE
463 columns allowed for the separation between analytes and
464 matrix interferences within a fraction. An additional LLE step
465 prior to the FIA decreased the ion suppression to 80% (see SI
466 Table S9). This decrease in ion suppression was predominantly

467observed for compounds in the apolar fraction, i.e., fatty acids
468and acylcarnitines. However, the ion suppression of these
469compounds was still considerably less in our fractionation
470method. For metabolites in the polar fraction, the ion
471suppression was comparable with FIA without LLE. LLE
472demonstrates little cleanup efficiency because samples are only
473fractionated based on polarity, and the obtained fractions are
474analyzed at once without further separation.
475The fractionation method demonstrated a superior
476sensitivity in comparison with FIA. The mean LLOQ of the
477fractionation method was 21 times lower which ensured a
478sufficient sensitivity to measure physiological levels in plasma.
479In contrast, 9 out of 22 analytes could not be quantified using
480the FIA method due to insufficient sensitivity (LLOQ higher
481than physiological levels). The substantial difference in ion
482suppression was most likely responsible for the differences in
483sensitivity. The performance improvement was mainly
484reflected in positive mode. In negative mode, the improvement
485in ion suppression and sensitivity was smaller. This is in
486accordance to other studies, in which was shown that ion
487suppression is less occurring in negative ionization mode.24,25

488Although the FIA method is faster (1.4 versus 3 min), the
489findings in Figure 3 emphasize the necessity of online
490fractionation prior to electrospray ionization.
491We have also compared the LLOQ of the ISTDs with the
492LLOQ of conventional LC−MS analyses reported in literature
493(see SI Table S10). These findings demonstrated that the
494sensitivity of fractionation and LC−MS is in a similar range.
495This was also expected because of the limited ion suppression
496in the fractionation method and a comparable peak width,
497injection volume, and flow rate with regard to general LC−MS.
498However, differences in, for example, LLOQ determinations,
499used mass spectrometer (tandem and high-resolution) and
500derivatization might complicate this comparison. It does
501indicate that we are at least in a comparable sensitivity range
502relative to LC−MS. This is also emphasized by the coverage of
503the fractionation method in comparison with conventional
504reversed phase (RP) and hydrophilic interaction chromatog-
505raphy (HILIC) separations. The number of unique retention
506time and m/z features was 2289, 3475, and 3529 for
507fractionation, RP and HILIC, respectively (the methodologies
508are presented in the SI Table S11). The difference in coverage
509is mostly explained by the additional isomeric separation that is
510experienced in conventional chromatography as the number of
511unique m/z features was practically similar (2089, 2465, and
5122325 for fractionation, RP and HILIC, respectively).
513Our fractionation approach enables the analysis of multiple
514compound classes in 3 min per polarity, whereas conventional
515LC−MS usually requires a gradient time of around 3−30 min
516per compound class (see Table S10). The analysis time of
517LC−MS can be reduced by the use of faster gradients.
518However, in order to realize a comprehensive targeting of the
519metabolome, multiple LC separations would be needed (e.g.,
520HILIC and RP for polar and apolar, respectively). The
521inclusion of multiple chromatographic gradients drastically
522decreases the overall throughput of the analysis. Moreover, the
523equilibration and flushing time of conventional LC columns
524(3−15 cm) is substantially higher in comparison with short
525chromatographic columns (0.5−1 cm). The benefit of an
526integrated fractionation approach is due to the use of multiple
527short chromatographic columns, which allow for an efficient
528separation, while little time is spent on gradients and column
529equilibration/flushing. The challenge of using a fractionation
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530 approach instead of conventional chromatography is the lack
531 of isomeric separation. This could be overcome by the use of
532 ion-mobility and MS/MS experiments.
533 Effect of Circadian Rhythm and Food Intake on
534 Metabolite Classes. It is known that there are trends in
535 metabolite levels due to the circadian rhythm and food
536 intake.26 These fluctuations are important to take into account
537 when metabolites are studied or used as biomarkers. Different
538 sampling times throughout the day could cause variations in
539 metabolite levels that are not attributable to a studied disease
540 or intervention. For this, we profiled 10 healthy volunteers on
541 10 different time points on a time scale of 24 h. This study
542 should clarify the significance of these diurnal changes.
543 After the data acquisition, 47 compounds were included in
544 the data analysis and three compounds were excluded. Fatty
545 acid 16:0 and 18:0 had an RSD of more than 15% due to
546 fluctuating background levels. C18 carnitine also had an RSD

f4 547 of more than 15%. The reason for this was unclear. Figure 4
548 shows that our validated platform allowed us to demonstrate
549 significant changes of metabolite classes throughout the day
550 (false discovery rate (FDR) adjusted p-values are listed in the
551 SI Table S12). All compound classes changed significantly
552 from the baseline, apart from the amines. The amines
553 (quaternary amines, creatinine, urea, and uric acid) did not
554 reveal a significant difference over a period of 24 h. This is in
555 accordance with our prior work, in which we demonstrated
556 that gut metabolites (quaternary amines) were not affected by
557 the fasting state of an individual.11 The amino acid levels
558 started to rise after wake time. The levels remained high
559 throughout the morning/afternoon and decreased again
560 toward baseline levels just before dinner. After dinner, the
561 amino acids increased again and subsequently returned to
562 baseline levels during night rest. The increase in amino acids

563after wake time and in the afternoon/evening has also been
564observed in prior studies.20

565The hexose and organic acid levels significantly increased
566after the feeding times (except for hexose after breakfast which
567did not reach FDR corrected significance). When sugar is
568available, glucose is the main source of the citric acid cycle.
569This explains the similarities of the hexose and organic acid
570trends since organic acids are the main constituents in the
571citric acid cycle. The fatty acid concentrations decreased
572throughout the day and increased just before dinner and after
57324 h, which has been observed before.26 During (overnight)
574fasting, glucose is mainly depleted, switching the main energy
575source to fatty acids. In this state, fatty acids are released from
576triglycerides by lipolysis, which explains the high fatty acid
577levels prior to dinner and after a night rest.27 In order to
578accommodate the increased demand for fatty acids, acylcarni-
579tines are put in place to transport the fatty acids into the
580mitochondria for β-oxidation.28 This explains the similarities
581between the fatty acid and acylcarnitine profile. Sampling time
582is an indispensable parameter to take into account when
583metabolites are used or studied as biomarkers. Food intake and
584circadian rhythm significantly change compound classes from
585baseline levels. Therefore, sampling times and fasting states
586should be standardized when metabolites are used for
587diagnosis, clinical studies or biomarker discovery. This should
588further strengthen the use of discovered metabolite biomarkers
589in personalized health care.

590■ CONCLUSIONS

591Although much progress has been made in the analysis of
592metabolites, fast and global profiling of the metabolome in
593complex matrices remains a challenging aspect. For this

Figure 4. Mean natural logarithm of metabolite concentrations over time. Normalization was performed on the first time point. Within each
compound class, metabolites were averaged per time point and volunteer. The mean of these curves over the 10 volunteers are depicted and the
pointwise interquartile range (IQR) of the volunteers is presented in the error bars. Time points that are significantly different from the baseline are
indicated (* FDR adjusted p-values <0.1). The time frame comprises four standardized feeding times and meals and one night rest. The time is
presented with respect to the breakfast time. Individual trends are shown in the SI Figure S3.
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594 purpose, we demonstrated a fast and comprehensive
595 fractionation method coupled online to mass spectrometry.
596 The three serially coupled high performance SPE columns
597 resulted in a fractionation based on polarity, charge, and
598 removed important ion suppressors from different fractions.
599 The online and orthogonal setup realized a flow-through which
600 was cleaned by three different sorbent chemistries and a
601 within-fraction separation of analytes and ion suppressors. The
602 comparison with FIA emphasized the performance improve-
603 ment achieved with the fractionation method. In a limited
604 amount of time, the fractionation method drastically lowered
605 the ion suppression as well as the detection limits. The online
606 fractionation demonstrated similar quantification limits in
607 comparison to the conventional LC−MS analyses. This proves
608 that online fractionation enables the analysis of a large range of
609 metabolites without suffering in terms of sensitivity. The
610 developed fractionation method was able to demonstrate
611 fluctuations of metabolite classes in blood samples from
612 healthy volunteers on different time points throughout the day,
613 which could be explained by underlying metabolic processes.
614 These significant diurnal variations are important for clinicians
615 when metabolites are used as biomarkers. Standardized
616 sampling times and fasting states should minimize variations
617 caused by food intake and circadian rhythm on the disease or
618 intervention related variations. This work provides a method-
619 ology to target multiple metabolite classes within a single
620 analytical platform without suffering in terms of analysis time.
621 This development in comprehensive and fast metabolite
622 screening should encourage researchers and clinicians to
623 make full use of the field of metabolomics and to further
624 investigate the value of potential prognostic and diagnostic
625 biomarker metabolites.
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