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Abstract 

In this study, the feasibility of direct infusion electrospray ionization microchip mass spectrometry 

(chip-MS) was compared to the commonly used liquid chromatography-mass spectrometry (LC-MS) 

in non-targeted metabolomics analysis of human foreskin fibroblasts (HFF) and human induced 

pluripotent stem cells (hiPSC) reprogrammed from HFF. The total number of the detected features 

with chip-MS and LC-MS were 619 and 1959, respectively. Approximately 25% of detected features 

showed statistically significant changes between the cell lines with both analytical methods. The 

results show that chip-MS is a rapid and simple method that allows high sample throughput from small 

sample volumes and can detect the main metabolites and classify cells based on their metabolic 

profiles. However, the selectivity of chip-MS is limited compared to LC-MS and chip-MS may suffer 

from ion suppression.  
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1. Introduction 

Metabolomics is a discipline that aims to identify and comprehensively analyze the changes of 

low-molecular weight metabolites in biological systems. These metabolites represent a diverse group 

of molecules that act as building blocks for several biological components or have otherwise essential 

roles in various cellular functions, such as regulation of enzyme expression and cell signaling [1-3]. 

Changes in metabolite levels are good measures of cell function, as they represent the downstream 

amplification of changes occurring in mRNA levels or proteome. Metabolomics is widely applied for 

biomarker discovery in disease diagnostics and prognosis, for understanding the mechanisms of 

disease evolution, and for identifying novel drug targets [1-3]. In stem cell research, detection of key 

metabolites at different cell differentiation states is particularly important to increase our 

understanding of the metabolic pathways essential for cell differentiation and maturation [4]. Stem cell 

metabolomics provides a valuable tool to study stem cell differentiation and reprogramming 

mechanisms [5-8] and to develop cell-based therapeutics [9, 10].  

The sample pretreatment, separation, and detection method highly influences the range of compounds 

that can be detected. Currently, the most applied method in metabolomics research is mass 

spectrometry (MS) commonly coupled with a separation method such as liquid chromatography (LC) 

[11, 12], gas chromatography (GC) [12, 13], or capillary electrophoresis (CE) [14, 15]. Alternatively, 

MS-based metabolomics can be conducted without the separation step using direct infusion MS [16, 

17]. None of the existing methods can analyze all metabolites simultaneously. GC-MS is limited to 
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volatile or semivolatile compounds and CE-MS mostly to ionic compounds. While LC-MS is a more 

universal method than GC-MS and CE-MS, selection of the LC method and the MS ionization 

technique limits the range of metabolites that can be detected. The advantages of LC-, GC-, or CE-MS 

are high selectivity and sensitivity. However, the analysis times of these techniques are substantially 

longer than that of direct infusion MS.  

Direct infusion MS, including nanospray and microchip ionization techniques, allows rapid and 

straightforward analysis of a wide range of metabolites at high speed [17, 18]. On the other hand, direct 

infusion MS experiments may suffer from matrix effects, which can cause ion suppression [19] and 

reduce sensitivity. The selectivity in direct infusion MS is also limited, as isobaric compounds cannot 

be separated based on the mass-to-charge ratio alone. Thus far, the applications of direct infusion MS 

in metabolomics have mainly focused on the analysis of lipids in serum and plasma or less frequently 

in other biological matrices such as tissue samples. Direct infusion MS methods applied for non-

targeted metabolomics have been summarized in recent review articles [16, 17, 20].  

Microfabrication technology in particular provides an attractive avenue towards the development of 

rapid and highly automated microfluidic sample introduction platforms for MS. By permitting MS 

analysis of minimal sample amounts, the microchip technology can be considered as a prospective 

technique for improving the sensitivity and cost-efficiency of metabolomics research [18, 21]. Thus 

far, a range of different on-chip ionization strategies have been proposed for coupling microfluidic 

devices with MS, mostly via electrospray ionization (ESI)[18, 22-24]. The possibility to integrate the 

on-chip ion source with another “upstream” microfluidic module, such as on-chip cell culture, cell 

lysis unit, and sample preparation further increases the appeal of microchip technology in 

metabolomics research.  
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In this study, we examined the feasibility of microchip direct infusion MS for global metabolomics 

analysis in comparison with established LC-MS technique. The previously developed SU-8-based ESI 

microchip [25] was chosen as the representative microfluidic sample introduction platform and was 

connected to a high-resolution Orbitrap MS (HRMS) for rapid non-targeted metabolomics (later 

referred to as chip-MS). Reversed-phase (RP) C18 ultra-high performance liquid chromatography 

(UHPLC) coupled with electrospray quadrupole-time-of-flight mass spectrometry (ESI-QTOF-MS) 

was chosen as the gold standard reference method, as this method is one of the most commonly applied 

methods in non-targeted metabolomics (later referred to as LC-MS) [11]. A comparison between the 

two techniques was performed by analyzing human foreskin fibroblasts (HFF) and human-induced 

pluripotent stem cells (hiPSC) reprogrammed from HFF by both methods in positive ion mode. Thus 

far the differences in the performance of direct infusion MS and LC-MS in non-targeted metabolomics 

have been examined in only a few studies [26, 27]; only one study presented the output of the 

metabolomics comparison [26].  

2. Experimental section 

2.1. Chemicals 

All aqueous solutions were prepared using ultrapure water purified with a MilliQ-system (Merck 

Millipore, France). LC-MS Chromasolv® graded methanol and isopropanol were from Sigma-Aldrich 

(Germany). Formic acid was from Merck (Germany). The internal standards verapamil and 

propranolol were from Sigma-Aldrich. 

E8 media, Trypan Blue exclusion on Countess, non-essential amino acids, and penicillin-streptomycin 

mixture (Life Technologies, USA), TrypLE select and Glutamax (Gibco, USA), growth factor reduced 

Matrigel (Becton Dickinson, USA), fetal bovine serum Hyclone (GE Healthcare Life Sciences, USA), 
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phosphate buffered saline (PBS), and Dulbecco’s modified Eagle’s medium (Sigma-Aldrich) were 

used for cell culturing and harvesting.  

2.2. Cell samples 

hiPSC cell line HEL24.3 was differentiated from HFF (ATCC) using non-integrative Sendai virus-

mediated transduction with Oct4, Sox2, Klf4, and c-Myc [28]. HEL24.3 were grown in E8 media on 

Matrigel-coated Petri dishes (100 mm) to near confluency in 5% CO2 at 37°C. Cells from six plates 

were then washed with PBS and treated with TrypLE select for 1-3 min at 37°C and washed with cold 

PBS while still on the plate. The cells were next dissociated from the matrix by extensive tituration in 

10 mL cold PBS and counted using Trypan Blue exclusion on Countess followed by centrifugation 

(200 x g, 5 min) at room temperature. Pellets were resuspended in PBS. Five million cells derived 

from each plate were then transferred into silanized Eppendorf tube inserts and centrifuged (200 x g, 

3 min). Excess of PBS was removed by suction and tubes were snap frozen in liquid nitrogen. 

HFF were grown with Dulbecco’s modified Eagle’s medium on six Matrigel-coated Petri dishes (100 

mm) supplemented with fetal bovine serum, non-essential amino acids, penicillin-streptomycin 

mixture, and Glutamax. Four hours before cell harvesting, the cells were washed three times with PBS 

and media was changed to E8 to reduce the base media effect on metabolite detection. The cells were 

harvested exactly as hiPSC except that TrypLE treatment was 10 min and one million cells were placed 

into silanized tubes.  

The blank samples were Matrigel-coated Petri dishes incubated with E8 media for four hours in a cell 

incubator, washed with PBS three times, and incubated with 1 ml of PBS at room temperature for an 

additional 10 min. PBS aliquots collected from six plates were subsequently used as blank samples. 

All samples were stored at -80°C prior to sample preparation.  
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2.3. Sample preparation 

Cells were lysed by adding 50 µL of MilliQ water to frozen cell pellets and sonicating them in ice-

cold ultrasound bath for 15 min two times with mixing between cycles. Next, 20 µL of the cell lysate 

was transferred to a new silanized insert followed by addition of 10 µL of internal standard solution (4 

µg mL-1 of verapamil and propranolol in methanol) and 100 µL of methanol. The cell extracts were 

then vortexed and incubated on ice for 20 min. After incubation, the extracts were centrifuged (7378 

x g, 10 min) at room temperature and the supernatant was transferred into a vial with a new silanized 

insert and stored at -20oC until analysis. For LC-MS, the samples were injected as such. For chip-MS, 

10% FA in MilliQ was added to the samples to achieve a final solvent composition of 70:29:1 

(MeOH:H2O:HCOOH). 

2.4. Chip-MS analysis 

Free standing, three-layered direct infusion ESI microchips were fabricated from SU-8 by UV 

lithography and release etching as described previously [29]. Before use, polydimethylsiloxane sheets 

with 2-mm inlet holes were attached on top of the sample inlet to avoid liquid spreading onto the 

relatively hydrophilic SU-8 surface (around the inlet). In this manner, the applied sample volume could 

be increased to 5 L to ensure that the duration of sample infusion was long enough for collection of 

proper MS spectra. For analysis of the cell extracts, the chips were coupled to a Q-Exactive Hybrid 

Quadrupole Orbitrap Mass Spectrometer controlled via Xcalibur software (Thermo Fisher Scientific, 

USA). The MS data were collected in positive ion profile mode with ion transfer tube temperature set 

at 200°C, m/z range of 100-1500, and scan frequency of 3 Hz. The MS resolution was 70 000 FWHM 

at m/z 200. A custom-made high voltage supply was used for application of the ESI voltage (2.5 kV) 

via a platinum electrode inserted into the sample inlet. The spectrum was recorded for 0.3 min. Each 
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sample was analyzed in triplicate with careful rinsing of the channel with a MeOH:H2O (1:1) between 

runs to avoid possible memory effect.  

2.5. LC-MS analysis 

LC-MS analysis was performed with a Xevo QTOF mass spectrometer combined with an Acquity 

UHPLC and controlled with MassLynx™ 4.1 software (Waters, USA). Data were collected as centroid 

in positive ion mode, applying a mass range m/z 100-1000 with a scan time of 150 ms (extended 

dynamic range). Resolution was 8000 FWHM and lock mass correction of Leucine-Enkephaline was 

applied. The other MS operation parameters were the following: capillary voltage 2 kV, sampling cone 

voltage 20 V, extraction cone voltage 1 V, source temperature 150°C, desolvation temperature 450°C, 

desolvation gas flow 800 L h-1, and cone gas flow 20 L h-1. 

The UHPLC RP column was a BEH C18 (2.1 mm x 100 mm, 1.7 µm, Waters). Eluent A was 0.1% 

formic acid in MilliQ water and eluent B was 0.1 % formic acid in methanol. A linear gradient started 

from 5% B and proceeded to 100% B in 15 min and was maintained for 10 min followed by the re-

equilibration step for 5 min. The total runtime was 30 min with a flow rate of 0.3 mL min-1. An 

autosampler was cooled to 10°C and the column thermostated for 25°C degrees. The injection volume 

was 5 µL. 

2.6. Data preprocessing and analysis  

Data preprocessing of both chip-MS and LC-MS datasets was performed with MzMine 2 [30]. Data 

preprocessing for LC-MS included following steps: mass detection with centroid algorithm, 

chromatogram builder, deconvolution with local minimum search, isotopic peaks grouper, alignment 

with join aligner, filtering, gap filling with peak finder, and adduct search. For chip-MS data 
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preprocessing steps were: mass detection with exact mass filter, chromatogram builder, isotopic peaks 

grouper, alignment with join aligner, filtering, gap filling with same RT and m/z range cap filler, and 

adduct search. Detailed data preprocessing parameters are presented in the Supplementary data (Table 

S1) and descriptions of preprocessing steps and applied algorithms are available at website: 

http://mzmine.github.io/ . Prior to preprocessing, LC-MS raw data files were converted to netCDF files 

with DataBridge (Waters). Relative normalization of peak abundances (chip-MS) and extracted ion 

chromatogram peak heights (LC-MS) against those of the internal standard (verapamil, m/z 455.29) 

were applied for both datasets. For chip-MS, the average values of normalized peak abundances of 

three replicate measurements were calculated, one outlier sample was removed, and an average value 

was further applied in the data analysis. Identification of detected compounds was based on the search 

with accurate mass (3 ppm) from the human metabolome database (HMDB) and Lipid Maps. 

Data analyses were performed with R version x64 3.0.2. utilizing metadar-package [31]. Zero values 

in the data were imputed with half of the minimum algorithm, replacing zero values with half of the 

minimum value of the corresponding feature across the samples. Principal component analysis (PCA) 

was performed after centering and log2 transformation. Unpaired t-test with false discovery rate 

correction (FDR, Benjamini-Hochberg) was applied and fold changes were calculated.   

3. Results and discussion 

3.1. Comparison of LC-MS and chip-MS 

The main anticipated advantage of chip-MS over LC-MS in metabolomics is its feasibility for rapid 

and straightforward analysis. A run time in chip-MS was 0.3 min, while a run time in LC-MS was 30 

min. High sample throughput is of utmost importance when analyzing a large sample series as 

http://mzmine.github.io/
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commonly encountered in clinical settings. Although sample preparation is the most time-consuming 

step for both methods, it can be automated and performed in batch mode. 

As the data produced by chip-MS and LC-MS are different, it is impossible to use exactly the same 

data preprocessing tools and steps. However, by applying the same software (MzMine 2) the data 

preprocessing was performed as similarly as possible (Table S1). In principal, data preprocessing is 

easier and faster in direct infusion, where only mass spectra (Fig. 1B and 1D) are combined through 

all data points and the combined spectra are aligned across the samples. In LC-MS, the features are 

selected from a chromatogram (Fig. 1A and 1C) with peak deconvolution algorithms, which requires 

additional preprocessing steps. This retention time alignment might also cause bias due to possible 

retention time drifts, especially in the analysis of large metabolomics sample sets. 

A wide range of metabolites from polar small molecules to lipids were detected with both the chip-

MS and the LC-MS methods (Fig. 1). The main metabolites identified were amino acids, amino acid 

derivatives, carnitines, nucleotides, sugars, sugar phosphates, fatty acids, fatty acid and steroid 

derivatives, and a high number of lipids from classes such as monoglycerides (MG), 

phosphatidylcholines (PC), phosphatidylethanolamines (PE), and sphingomyelins (SM). In addition, 

several other metabolites that include oxygen as a heteroatom in aliphatic structures (such as alcohols, 

esters, and carboxylic acids) were found based on the accurate mass measurements. The metabolites 

were detected as their protonated molecules or sodium or potassium adduct ions (or combinations 

thereof). Adduct ions were observed as the cell samples contained residual sodium and potassium salts 

after extraction. In C18 reversed-phase liquid chromatography, the salt concentration in ESI was low 

as salts were eluted at void volume. Salts were therefore separated from most of the metabolites, 

resulting in decreased adduct ion intensities and formation of mainly protonated molecules. In chip-

MS, significantly more abundant adduct ions were detected, since the residual salts were not 

chromatographically separated from metabolites and the relatively high salt concentration in the ESI 
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favored adduct ion formation. However, some of the most polar metabolites (such as sugars and their 

derivatives, amino acids, and nucleotides) were eluted in the LC-MS in the void volume together with 

the residual salts, resulting in formation of abundant adduct ions similar to the chip-MS. 

The total number of the detected features with chip-MS and LC-MS were 619 and 1959, respectively. 

The number of detected features is largely dependent on the peak capacity and sensitivity of the 

analytical method. The peak capacity of Orbitrap MS (resolution 70 000 FWHM) can be estimated to 

be about seven-fold higher than that of QTOF-MS (resolution 8000 FWHM) applied in this work. It is 

worth noting that the resolution with Orbitrap MS was 70 000 at m/z 200, but only about 30 000 at m/z 

1000 as the resolution in Orbitrap MS is mass range dependent [32]. As the peak capacity for UHPLC 

in our experiments with a 15-min gradient time is estimated to be about 380 according to the literature 

[33, 34], the overall peak capacity in the LC-MS analysis is about 50 times higher than that obtained 

with the chip-MS. The lower peak capacity with the chip-MS results in an increased number of 

overlapping features, particularly with lipids. For example, in the LC-MS data of hiPSC and HFF, the 

extracted ion chromatograms of m/z 806.57 (∆m/z 0.04) showed several peaks, whereas the chip-MS 

spectrum showed only one peak between m/z 806.5-806.6 and the differences of specific lipid species 

between hiPSC and HFF cell types were not observed (Fig. 2). A closer examination of spectra of the 

peaks detected in the extracted ion LC-MS chromatogram of m/z 806.57 at retention times of 17.53 

and 17.33 min revealed that these most likely represent isomers of [PC(38:6)+H]+ (exact mass m/z 

806.5694, C46H80NO8P+H ), and the peaks at 17.88, 18.0, and 18.19 min represent isomers of 

[PC(36:3)+Na]+ (exact mass m/z 806.5670, C44H82NO8P+Na) (Fig. 2). The mass difference between 

the ions [PC(38:6)+H]+ and [PC(36:3)+Na]+ is only 2.4 mDa, which suggests that mass resolution over 

about 350 000 would have been required to distinguish these ions in the chip-MS spectra. Although 

such high resolution is not achievable with the Orbitrap used in our chip-MS experiments, this is 

possible with higher mass resolution mass spectrometers such as next-generation Orbitraps or Fourier 
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transform ion cyclotron mass spectrometers. In addition to the example above, the [M+2] isotopes of 

lipids may overlap with lipids belonging to the same lipid class but with one less double bond (Fig. 2). 

These types of overlaps may especially hinder the detection of differences of less abundant metabolites 

between samples. These examples clearly show that the use of LC-MS, even with a moderate mass 

resolution, provides significantly better selectivity and thus more detailed information in non-targeted 

metabolomics than direct MS, even in combination with modern ultra-high mass resolution mass 

spectrometers. However, this comes at the cost of analysis time. 

Another reason for the lower number of detected features with chip-MS is ion suppression. This is 

more evident in chip-MS than in LC-MS. In addition to salts, some phospholipids such as 

phosphatidylcholines (which are easily ionized in ESI) may suppress ionization of metabolites that 

have lower ionization efficiency [35, 36]. For example, the intensities of several lysolipids were below 

the detection threshold in chip-MS but were clearly detected with LC-MS. On the other hand, salts 

may assist ionization of some low proton affinity metabolites, which are poorly ionized via a proton 

transfer reaction but are ionized more efficiently via adduct ion formation [37, 38]. As salts were 

separated in the LC-MS but not in the chip-MS, some metabolites (including low proton affinity 

compounds in compound classes; carboxylic acids, amino acids, carnitines, sugar derivatives, sugar 

phosphates, phosphates, and nucleosides) were detected only with chip-MS as their adduct ions but 

were not detected in LC-MS.   

To determine the feasibility of chip-MS and LC-MS in metabolomics studies, the repeatability of the 

methods was studied by adding the internal standards propranolol and verapamil to the cell samples. 

The relative standard deviations (RSD%) of ion intensities measured using LC-MS for propranolol 

and verapamil in HFF samples were 6.0% and 5.1% and in hiPSC samples 6.1% and 4.2%, 

respectively. The RSD% measured using chip-MS for propranolol and verapamil in HFF samples were 

8.6% and 8.6% and in hiPSC samples 10.6% and 6.4%, respectively. These results indicate that the 
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repeatability within each cell sample was good with both methods. Our experiments also show that the 

signal intensities of the internal standards were about two times lower in hiPSC samples than in HFF 

samples in the chip-MS measurements, but no significant differences were observed in the LC-MS 

measurements (Fig. 3). In our experiments, the biomass of the cells was the same in all samples. 

However, the number of cells was higher in hiPSC samples (5 million) than in HFF samples (1 

million), as hiPSC are significantly smaller than HFF. Consequently, the total surface area (i.e. the 

total amount of cell membrane and thus phospholipid concentration) is higher in hiPSC than in HFF 

samples. Certain phospholipids, such as phosphatidylcholines, are known to cause ion suppression in 

ESI [35, 36]. Accordingly, it is possible that ion suppression is stronger with hiPSC than with HFF 

samples when measured by chip-MS, which is more prone to ion suppression than LC-MS. These 

results show that normalization using internal standards is necessary for comparison of metabolic 

changes between cell samples when using the chip-MS approach. 

3.2. Data-analysis of cell samples  

An unsupervised PCA was used to study differences between HFF and hiPSC datasets. PCA showed 

clear grouping of the cell types, indicating differences in the metabolic profiles of HFF and hiPSC with 

both analytical methods (Fig. 4). This observation demonstrates that the metabolic profiles from the 

different cell types can be separated with chip-MS and with LC-MS. 

To determine statistically significant changed features between the HFF and hiPSC datasets, we used 

t-test with FDR corrected p-value <0.01 (q-value<0.01) and fold change of at least 2 for the datasets 

obtained with chip-MS and LC-MS. With these criteria, 435 features detected with the LC-MS were 

changed, of which 304 features were upregulated and 131 were downregulated in hiPSC compared to 

HFF. The number of changed features detected with chip-MS was 157, of which 88 features were 

upregulated and 69 were downregulated in hiPSC. These results show that only about one third of the 
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changed features detected with LC-MS can be detected with chip-MS. This is most likely due to the 

lower selectivity and higher ion suppression of chip-MS (see above). The number of significantly 

changed features (q<0.01, fold>2) with both analytical methods (with a maximum mass difference of 

20 ppm) was 44. These metabolites were tentatively identified based on their accurate masses by 

applying the HMDB and are presented with fold changes (hiPSC/HFF) and q-values in Table 1. The 

fold changes mainly correlated well between the analytical methods, although three phospholipids at 

m/z 754.536, 834.599, and 818.603 were changed in the opposite direction. This may be due to peak 

overlap and domination of sodium adducts in chip-MS measurements. The most downregulated 

compounds were N-methylnicotinamide, creatine, L-carnitine, and PCs and PEs. The most clearly 

upregulated metabolites were MGs, aminoadipic acid, choline, niacinamide, and some PCs. These 

results suggest that the changes of the identified metabolites can be determined relatively reliably with 

fold changes over two.  

4. Conclusions 

In this study, we compared the feasibility of chip-MS and LC-MS for non-targeted metabolomics with 

HFF and hiPSC cell samples. We detected an approximately three-fold higher number of features and 

changed features between HFF and hiPSC cell samples with LC-MS than with chip-MS. This was due 

to the better selectivity and lower ion suppression of LC-MS. The chip-MS measurement favored the 

formation of adduct ions, since the salts were not separated from metabolites as in LC-MS. Adduct ion 

formation may complicate the interpretation of mass spectra and identification of metabolites. 

However, adduct ion formation can also increase the ionization efficiency of low proton affinity 

metabolites, which are poorly ionized by proton transfer reaction. Despite the challenges associated 

with selectivity and ion suppression in chip-MS, the two different cell groups could be classified and 

separated with PCA and several changed metabolites were identified. Furthermore, chip-MS is a 
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simple, fast, and sensitive method for metabolome analysis in minimum sample volumes. Moreover, 

chip-MS can be easily automated for high sample throughput, as required for analysis of clinical 

samples.  
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Fig. 1. Base peak chromatograms of HFF and hiPSC samples (A and C) with reversed phase UHPLC-

ESI-QTOF-MS with mass range 100-1000 m/z. Combined spectra of HFF and hiPSC samples (0.3 

min) with ESI-microchip-Orbitrap-MS using  resolution of 70 000 FWHM (B and D). 
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Fig. 2. UHPLC-ESI-QTOF-MS ion chromatograms of features detected at m/z 806.57 (∆m/z 0.04) 

from HFF and hiPSC samples (A and C). The peaks in the chromatograms correspond the protonated 

phosphatidylcholine [PC(38:6)+H]+ (blue), phosphatidylcholine sodium adduct [PC(36:3)+Na]+ 

(green), and (M+2) isotope of m/z 804.55 [PC(38:7)+H]+. ESI-microchip-Orbitrap-HRMS spectra of 

HFF and hiPSC samples with mass window of m/z 806.57 ± 0.05 (B and D). 
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Fig. 3. Intensity levels of internal standards verapamil and propranolol in HFF and hiPSC samples in 

UHPLC-ESI-QTOF-MS (A) and ESI-microchip-Orbitrap-HRMS (B) analysis.  

 

Fig. 4. Principal component analysis (PCA) score plots of normalized and scaled intensities in HFF 

(black) and hiPSC (red) samples using UHPLC-ESI-QTOF-MS (A) and ESI-microchip-Orbitrap-

HRMS (B).  

Table 1. Changed metabolites between cell samples detected with both methods (Fold >2, q<0.01). 

Red indicates upregulated and blue indicates downregulated metabolites in hiPSC compared to HFF.  
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