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Article 1 

Physiological oxygen causes the release of volatile organic com- 2 

pounds from human pluripotent stem cells with possible roles 3 

in maintaining self-renewal and pluripotency    4 
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Abstract:  18 

Human pluripotent stem cells (hPSCs) have widespread potential biomedical applications. There is 19 

a need for large-scale in vitro production of hPSCs, and optimal culture methods are vital in achiev- 20 

ing this. Physiological oxygen (2% O2) improves key hPSCs attributes, including genomic integrity, 21 

viability, and clonogenicity, however, its impact on hPSC metabolism remains unclear. Here, Se- 22 

lected Ion Flow Tube-Mass Spectrometry (SIFT-MS) was used to detect and quantify metabolic Vol- 23 

atile Organic Compounds (VOCs) in the headspace of hPSCs and their differentiated progeny. 24 

hPSCs were cultured in either 2% O2 or 21% O2. Media was collected from cell cultures and trans- 25 

ferred into glass bottles for SIFT-MS measurement. The VOCs acetaldehyde and dimethyl sulfide 26 

(DMS)/ethanethiol were significantly increased in undifferentiated hPSCs compared to their differ- 27 

entiating counterparts, and these observations were more apparent in 2% O2. Pluripotent marker 28 

expression was consistent across both O2 concentrations tested. Transcript levels of ADH4, ADH5, 29 

and CYP2E1, encoding enzymes involved in converting ethanol to acetaldehyde, were upregulated 30 

in 2% O2, and chemical inhibition of ADH and CYP2E1 decreased acetaldehyde levels in hPSCs. 31 

Acetaldehyde and DMS/ethanethiol may be indicators of altered metabolism pathways in physio- 32 

logical oxygen culture conditions. The identification of non-destructive biomarkers for hPSC char- 33 

acterization has the potential to facilitate large-scale in vitro manufacture for future biomedical ap- 34 

plication. 35 

Keywords: human pluripotent stem cells; human embryonic stem cells; human induced pluripotent 36 

stem cells; cellular metabolism; oxygen; self-renewal; pluripotency; differentiation; volatile organic 37 

compounds; Selected ion flow tube-mass spectrometry 38 

 39 

1. Introduction 40 

Human pluripotent stem cells (hPSCs), including human Embryonic Stem cells 41 

(hESCs) and human induced Pluripotent Stem Cells (hiPSCs), are capable of multiplying 42 

indefinitely and differentiating into cell types representative of the three germ layers [1]. 43 

These properties make hPSCs applicable across advancing biomedical fields including 44 
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regenerative medicine, disease modelling and drug discovery [1,2]. Large-scale in vitro 45 

production of hPSCs is required to exploit their full potential with downstream applica- 46 

tions, including therapeutic application, demanding a significant number of cells [2–4]. 47 

Long-term culture of hPSCs is frequently associated with both spontaneous differentia- 48 

tion and the appearance of chromosomal abnormalities, increasing the risk of tumorigen- 49 

esis and consequently hampering the further use of the cells [5–8]. Developing optimal in 50 

vitro culture conditions for expanding hPSCs can minimize cellular changes and improve 51 

cell safety for clinical applications [9–11].    52 

While the majority of laboratories perform routine culture of hPSCs under hyperoxic, 53 

non-physiological, air oxygen (~21% O2), this is higher than the O2 level in the in vivo phys- 54 

iological microenvironment of the pre-implantation blastocyst (embryonic structure from 55 

where hESCs derived) (∼1–5% O2) [5,8,12,13]. This non-physiological O2 results in oxida- 56 

tive stress, DNA damage, and genomic instability in hPSCs [5,8,9,13–16]. The precise im- 57 

pact of physoxia on hPSC culture will vary according to culture conditions being used, 58 

including culture media, substrate, passaging intervals and methods, and hPSC cell line 59 

[2]. Consistency in approach will aid in improving overall interpretation. Reported dis- 60 

crepancy between studies could result from the use of hPSC characterization assays that 61 

focus on assessing colony morphology, proliferation, pluripotency, differentiation capac- 62 

ity and genome integrity [17–19]. Cellular metabolism is rarely evaluated in these assays, 63 

and changes in hPSC self-renewal and pluripotency do not necessarily reflect changes in 64 

their metabolism [17,19]. Therefore, the effects of O2 conditions on hPSC metabolism re- 65 

main largely unknown. Analysis of the metabolic state of hPSCs under different O2 con- 66 

ditions could provide detailed understanding of the impact of the surrounding environ- 67 

ment on hPSC behaviors.            68 

Cellular metabolism comprises all the biochemical reactions and their intermediates 69 

(i.e., metabolites) in a cell that are used to produce energy and components (building 70 

blocks, signaling molecules and redox reagents) indispensable for cell survival [20–23]. 71 

High proliferating cells, such as hPSCs, have specific energetic requirements to support 72 

growth and the production of new cells [23,24]. hPSCs rely primarily on glycolysis (con- 73 

version of glucose to lactate) to generate energy rather than oxidative phosphorylation 74 

even in the presence of oxygen (called the Warburg effect) [23,25,26]. Although glycolysis 75 

is less energetically efficient compared to oxidative phosphorylation (generation of 4 76 

adenosine triphosphate (ATP) compared to 36 ATP, respectively), it can produce equal 77 

amounts (or more) of energy if there is sufficient glucose flux, i.e., in cell culture [25,26]. 78 

Most importantly, the metabolic intermediates of glycolysis, e.g., carbon, ribose and nico- 79 

tinamide adenine dinucleotide phosphate (NADPH), are used in the production of nucleic 80 

acids, amino acids, lipids, and carbohydrates, essential for high proliferative growth 81 

[22,23,25,26]. Furthermore, the preference of glycolysis over oxidative phosphorylation 82 

reduces the risk of DNA damage caused by the formation of reactive oxygen species (ROS) 83 

associated with oxidative phosphorylation [26]. Although it is evident that hPSCs favor 84 

glycolysis for energy generation, mitochondrial metabolism is also utilized by the cells 85 

and influences their functions and fate [25]. For instance, hPSCs use the metabolic inter- 86 

mediates of mitochondrial tricarboxylic acid (TCA) cycle to serve as building blocks for 87 

many biosynthetic processes needed for cell division [25]. 88 

The metabolic activity of a cell can be described by the concentrations of metabolites 89 

and rates (or fluxes) at which a metabolite is produced or consumed [21]. Therefore, me- 90 

tabolites can be used as candidate biomarkers for describing a particular hPSC cellular 91 

state and reveal metabolic pathways that participate in specific hPSC functions [27]. Vol- 92 

atile organic compounds (VOCs) are metabolic products of the exometabolome (metabo- 93 

lites in the extracellular environment) that carry information of the metabolic activities 94 

occurring between cells and their environment [28,29]. They can be carboxylic acids, alde- 95 

hydes, alcohols, alkanes, esters or ketones, and can represent a fingerprint of cell status as 96 

their emission patterns vary in response to changes in environmental conditions [30,31]. 97 
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VOC analysis can be used for the study of cellular metabolism, and being non-invasive 98 

enables monitoring of metabolic changes over time [29].  99 

VOCs and other metabolites can be identified using various metabolomics tech- 100 

niques, such as mass spectrometry and nuclear magnetic resonance based methods 101 

[32,33]. Various VOCs have already been identified in PSCs [34,35]. For example, mouse 102 

ESCs have been shown to release high concentrations of thiirane and methyl-methoxy- 103 

hydroxymethyl-amine after 72 hours in culture compared to fibroblasts. The identified 104 

VOCs had roles in extracellular matrix modulation [34], that participated in the mainte- 105 

nance of PSC functions [36]. Further, hiPSCs demonstrated significant differences in rela- 106 

tive abundance of decanal, butanoic acid, 2-methylpropyl ester, propanoic acid, 2-methyl- 107 

, anhydride, 3-Hexanone, 2,4-dimethyl and 3,5-Dimethyl-4-octanone when compared to 108 

early neural progenitors [35]. Styrene and 1-hexanol-2-ethyl discriminated between hiP- 109 

SCs and differentiating embryoid bodies.  110 

Analytical platforms used to measure metabolites are generally invasive, lack sensi- 111 

tivity, and require complicated sample preparation [32]. Selected-ion flow-tube mass 112 

spectrometry (SIFT-MS) is an analytical technique that can overcome some of these issues. 113 

SIFT-MS is a non-invasive quantitative technique that detects VOCs in real-time [37,38]. 114 

It employs selected precursor ions that react during a defined reaction time with the gases 115 

present in the sample [37,38]. The product ions resulting from the ionization reactions are 116 

then used to identify the various molecules in the sample’s headspace [39]. SIFT-MS has 117 

been widely used in breath and lung cancer research [39,40]. However, it has potential for 118 

application in fields, such as hPSC metabolomics, where the analysis of VOCs can provide 119 

mechanistic insights [40].     120 

This study aimed to identify and quantify VOCs in the headspace of hPSCs and their 121 

differentiated progeny under physoxia (2% O2) and air oxygen (21% O2) using SIFT-MS. 122 

We detected differences in undifferentiated hPSCs and their differentiating counterparts 123 

cultured in the two distinct O2 conditions. In contrast, standard approaches including pro- 124 

liferation and protein expression, detected no significant changes in the cells. VOCs were 125 

detected at differing concentrations in different hPSC lines and VOC profiles were distinct 126 

when cells were cultured in either 2% or 21% O2. Undifferentiated hPSCs showed higher 127 

concentrations of the VOCs acetaldehyde and dimethyl sulfide (DMS)/ethanethiol com- 128 

pared to their progeny. Gene expression analysis also showed that 2% O2 upregulated 129 

genes (ADH4, ADH5, and CYP2E1) encoding enzymes involved in converting ethanol 130 

into acetaldehyde, and downregulated genes (ALDH1A1, ALDH1A3, and ALDH6A1) en- 131 

coding enzymes responsible for generating acetate from acetaldehyde in undifferentiated 132 

hPSCs. Chemical inhibition of the upregulated enzymes alcohol dehydrogenase (ADH) 133 

and cytochrome P450 2E1 (CYP2E1) in undifferentiated hPSCs resulted in increased eth- 134 

anol in 2% O2 and reduced acetaldehyde levels in both O2 conditions, significantly so in 135 

21%.  136 

2. Materials and Methods 137 

2.1. Human Pluripotent Stem Cell culture  138 

hESC lines SHEF-1 and -2 (UK Stem Cells Bank) [41] and the hiPSC line ZK2012L 139 

(kindly provided by Prof. Susan J. Kimber, Faculty of Biology Medicine and Health, Uni- 140 

versity of Manchester) were used in this study. The hiPSC ZK2012L line was generated 141 

from the reprogramming of human dermal fibroblasts by lentiviral transduction of the 142 

markers OCT4, SOX2, KLF4 and c-Myc [42].  143 

hPSCs were routinely cultured using Essential 8 (E8) Medium (Gibco, Cat. No. 144 

A15169-01) in 6-well tissue culture plates coated with 0.5 μg/cm2 truncated recombinant 145 

human vitronectin (rh VTN-N) (ThermoFisher Scientific, Cat. No. A14700) and main- 146 

tained in a humidified incubator at 37 οC in the presence of 5% CO2 and either 2% or 21% 147 

O2. The medium was renewed daily until cells reached about 85% confluency after 4-5 148 

days. hPSCs were then exposed to 0.5 mM UltraPureTM ethylene diamine tetra acetic acid 149 
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(EDTA) (Invitrogen, Cat. No. 15575020) in Dulbecco’s phosphate buffer saline (DPBS) 150 

without calcium and magnesium (Gibco, Cat. No. 14190094) before being passaged as 151 

small clumps. Cells were observed daily under phase contrast (Nikon Eclipse TS100, Ja- 152 

pan) to ensure maintenance of an undifferentiated morphology and to evaluate conflu- 153 

ency levels. 154 

2.2. Cell proliferation, viability and metabolic assays 155 

Proliferation and viability of hPSCs was determined via standard hemocytometer cell 156 

counting with trypan blue (Sigma-Aldrich, Cat. No. T8154) exclusion. For this, hPSCs 157 

were passaged as single-cell suspensions using 1% Trypsin-Versene (EDTA) solution 158 

(Lonza, Cat. No. BE02-007E) in DPBS. Cells were mixed with trypan blue at 1:1 and 159 

counted under an inverted light microscope.  160 

hPSC metabolic activity was evaluated using MTT (3-(4,5-dimethylthiazol-2-yl)-2,5- 161 

diphenyltetrazolium bromide) assay. Cells were seeded, 10,000 cells/well, and cultured in 162 

standard 96-well plates, at either 2% O2 or 21% O2, for 2 days. On days 3 to 7, individual 163 

wells were incubated with 0.5 mg/mL MTT reagent (Sigma-Aldrich, Cat. No. M5655) in 164 

E8 medium for 4 hours at 37 οC. Following this, 50 µ l of dimethyl sulfoxide (DMSO) was 165 

added to each well and incubated for a further 45 minutes at 37 οC while protected from 166 

light. Absorbance at 570 nm was measured using a microplate reader (BioTek, Synergy 2). 167 

Three independent experiments were performed for both 2% O2 and 21% O2.  168 

2.3. Live staining of hPSCs  169 

Live staining of pluripotency-associated surface markers was performed using the 170 

GloLIVETM Human Pluripotent Stem Cell Live Cell Imaging Kit (R&D Systems, Cat. No 171 

SC023) following the manufacturer’s procedure. Briefly, 3.3 x 105 hPSCs were seeded into 172 

each well of a VTN-coated 6-well plate. After 4 days, media was replaced with 1 mL E8 173 

containing 1X fluorochrome-conjugated antibody (SSEA-4, TRA-1-60(R), or SSEA-1) and 174 

incubated for 30 minutes at 37 οC. After incubation, media was removed, and hPSCs 175 

rinsed with E8 to eliminate any residual antibody, followed by addition of fresh E8 me- 176 

dium. Imaging of labelled hPSCs was carried out using a Nikon Eclipse Ti-S (Japan) fluo- 177 

rescence microscope equipped with a Nikon DS-Qi1Mc (Japan) camera. Image acquisition 178 

was performed using NIS-elements software (Nikon).   179 

2.4. Flow Cytometry 180 

hPSCs were enzymatically disaggregated into single cell suspension with Trypsin- 181 

Versene (EDTA) solution after which, 5 x 105 cells/well were seeded into 6-well plates and 182 

cultured for 4 days. Labelling was performed as described above (see section 2.3.). After 183 

removing the antibody-containing medium, hPSCs were washed with DPBS and dissoci- 184 

ated with Trypsin-Versene (EDTA). Cell suspensions were centrifuged at 300 x g for 3 185 

minutes. Supernatants removed, and cell pellets re-suspended in flow cytometer buffer 186 

[0.5% (w/v) Bovine Serum Albumin (BSA) (Fisher BioReagents, Cat. No. BP9703-100) and 187 

2 mM EDTA in DPBS]. Samples were centrifuged once more, and pellets re-suspended in 188 

DPBS before analysis. Data acquisition was performed with a Cytomics FC 500 (Beckman 189 

Coulter) flow cytometer, and analysis completed using Flowing Software (version 2.5.1).  190 

2.5. Spontaneous differentiation 191 

Spontaneous differentiation of hPSCs was performed as previously described [43]. 192 

Approximately 5 x 105 hPSCs/well were seeded onto 6-well plates in both 2% and 21% O2 193 

conditions. After 2 days, E8 medium was replaced with spontaneous differentiation me- 194 

dia (SDM), which consisted of Knockout Dulbecco’s Modified Eagle Medium (KO- 195 

DMEM) (Gibco, Cat. No. 10829018) supplemented with 10% (v/v) Fetal Bovine Serum 196 

(FBS), 2 mM L-Glutamine (Lonza, Cat. No. BE17-605E), 1% (v/v) Minimum Essential Me- 197 

dium Non-Essential Amino Acid Solution (MEM-NEAA) (Lonza, Cat. No. BE13-114E) 198 
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and 0.1 mM 2-mercaptoethanol (Gibco, Cat. No. 31350010). Cells were cultured in SDM 199 

for 21 days with media changed every 3 days.  200 

2.6. Immunocytochemistry  201 

Pluripotent marker expression analysis was performed during differentiation (days 202 

0, 5, 10 and 20). hPSCs were washed in DPBS, fixed with 4% paraformaldehyde (PFA) in 203 

DPBS for 30 minutes at room temperature, and washed 3 times with 1% BSA (Sigma-Al- 204 

drich, Cat. No. A1595) in DPBS. Fixed cells were permeabilized and blocked using 10% 205 

donkey serum (Sigma-Aldrich, Cat. No. D9663), 0.3% Triton X-100 (Sigma-Aldrich, Cat. 206 

No. T8787) and 1% BSA in DPBS, for 45 minutes at room temperature. Subsequently, 207 

hPSCs were incubated with 1 µg/100 µ l of either mouse anti-alkaline phosphatase, mouse 208 

anti-SSEA-4, goat anti-Nanog, or goat anti-Oct 3/4 (R&D Systems, Cat. No. SC008) over- 209 

night at 2–8 °C followed by a repeated washes with 1% BSA before incubation with 5 210 

µg/mL of appropriate secondary antibody for 1 hour at room temperature. Alkaline phos- 211 

phatase and SSEA-4 were visualized with donkey anti-mouse IgG NL557 (R&D Biosys- 212 

tems, Cat No. NL007), and Nanog and Oct 3/4 were visualized with donkey anti-goat IgG 213 

NL493 (R&D Systems, Cat. No. NL003). Counterstaining was with DAPI (Sigma-Aldrich, 214 

Cat. No. D9542) at 100 ng/mL. Image acquisition was performed Nikon Eclipse Ti-S fluo- 215 

rescence microscope equipped with a Nikon DS-Qi1Mc camera and processed using NIS- 216 

elements software.  217 

2.7. Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR) 218 

Gene expression analysis was performed at matched time points with immunocyto- 219 

chemistry. Cells were lysed, homogenized, and their RNA extracted using RNeasy Mini 220 

Kit (Qiagen, Cat. No. 74104) following the manufacturer’s protocols. RNA concentration 221 

was measured using a Nanodrop 2000 spectrometer (Thermo Scientific, UK). One-step 222 

RT-PCR was performed using QIAGEN OneStep RT-PCR Kit (Cat. No. 210210) according 223 

to the manufacturer’s instructions. Forward and reverse primers were designed using 224 

NCBI Primer-BLAST (see Table 1 for primers sequences and the corresponding annealing 225 

temperatures for each primer pair). All RT-PCR reactions consisted of one cycle of 50 °C 226 

for 30 minutes, one cycle of 95 °C for 15 minutes, followed by 39 repeated cycles of: 94 °C 227 

for 1 minute, primer specific annealing temperature (Table S1) for 1 minute, and 72 °C for 228 

1 minute, this was followed by a final cycle of 72 °C for 10 minutes. Confirmation of the 229 

resulting PCR product amplification was accomplished through standard 2% agarose gel 230 

electrophoresis.   231 

2.8. ADH and CYP2E1 inhibition 232 

Inhibition of ADH and CYP2E1 was performed using 4-methyl pyrazole (4-MP) (Alfa 233 

Aesar, Cat. No. A18083). hPSCs were cultured to 70-80% confluency before 4-MP was 234 

added to fresh E8 media at 0.5 mM, 5 mM and 50 mM with incubation on cells for a further 235 

72 hours. After incubation, MTT assay was performed to assess the viability of the hPSCs 236 

post-treatment (see section 2.2. for details of the procedure). 237 

2.9. Selected Ion Flow Tube-Mass Spectrometry (SIFT-MS) measurement 238 

The SIFT-MS technique has been described previously in detail [37]. hPSCs were cul- 239 

tured to 70-80% confluence before proceeding to SIFT-MS analysis (Figure 1). hPSCs were 240 

incubated in E8 medium (20 mL distributed in a 6-well plate) for 24 hours at 2% and 21% 241 

O2. With hPSC differentiation, 20mL of fresh SDM was added to hPSCs at 4 different time 242 

points of differentiation (days 5, 10 and 20), and left to incubate for 24 hours on cells before 243 

removal for SIFT-MS. “Cell-free” media controls consisting of either E8 or SDM in 6-well 244 

plates were incubated for the same amount of time at the two O2 conditions. Following 245 

incubation, both cell and cell-free media samples were transferred into sterile 150 mL glass 246 

bottles (Camlab, Cat. No. G801/05), covered with an aluminum screw cap and a black 247 
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rubber septum. Additional “fresh media” controls composed of 20 mL of fresh E8 or SDM 248 

were transferred into two other glass bottles. 130 mL of bottle headspace was purged with 249 

dry compressed air (composed of 20% oxygen and 80% nitrogen, BOC, UK) for approxi- 250 

mately 1 minute. Bottles were capped tightly to prevent air exchange between the bottle 251 

and the environment and transferred to a 37 °C and 5% CO2 incubator. After 16 hours, 252 

each bottle was transferred to a 37 °C water bath for SIFT-MS measurement. The head- 253 

space of each sample was measured with Profile 3 SIFT-MS (Instrument Science, UK) via 254 

a hypodermic needle puncturing the septum of the cap, allowing the sample headspace 255 

to flow directly into the SIFT-MS instrument via a heated PEEK capillary line. 30 mL of 256 

sample headspace was analyzed for full scan mode (FSM) and multiple ion monitoring 257 

(MIM) mode using the H3O+ precursor ion. The sample measurement time was around 1 258 

minute in total.  259 

The same procedure was performed to measure the effects of ADH and CYP2E1 in- 260 

hibition on the VOC profile of hPSCs cultured at 2% and 21% O2. Non-treated and treated 261 

experimental groups were created for each hPSC line and each O2 condition. Cells in the 262 

treated group were exposed to 5 mM 4-MP inhibitor for 24 hours. The corresponding cell- 263 

free media controls consisted of E8 with or without 5 mM 4-MP.  264 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 10 March 2022                   doi:10.20944/preprints202203.0143.v1

https://doi.org/10.20944/preprints202203.0143.v1


Cells 2021, 10, x FOR PEER REVIEW 7 of 28 
 

 

 265 

Figure 1. Experimental design for SIFT-MS analysis. Cells were initially cultured in Essential 8 and 266 
vitronectin substrate until they reached 70-80% confluence. Four sets of cell samples were created 267 
and cultured at either 21% or 2% O2 (1A-4B). Undifferentiated hPSCs cultured for 24 hours (1A and 268 
1B) (n=5). Differentiation samples, (days 5, 10 and 20) (2A and 2B) (n=3). Treatment samples, ADH 269 
and CYP2E1 inhibitor 4-methyl pyrazole (4-MP) (n=3). Cell-free controls (n=5 for E8 controls, n=9 270 
for SD controls). Preparation for SIFT-MS analysis involved transferring media samples into sterile 271 
150 mL glass bottles, covered with an aluminum screw cap and a black rubber septum. Additional 272 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 10 March 2022                   doi:10.20944/preprints202203.0143.v1

https://doi.org/10.20944/preprints202203.0143.v1


Cells 2021, 10, x FOR PEER REVIEW 8 of 28 
 

 

fresh media controls were created at this stage (n=3). The headspace of the glass bottles was then 273 
purged with dry and compressed air, followed by incubation for 16 hours at 37 °C. SIFT-MS meas- 274 
urements were then performed in all samples. 275 

2.10. Data analysis 276 

For SIFT-MS datasets obtained in MIM mode, the cell media samples were initially 277 

normalized by subtracting the corresponding cell-free media control samples. Following 278 

this, t-test (for hPSCs media) or one-way ANOVA and post-hoc Turkey (for hPSC differ- 279 

entiated media) were performed for each VOC.   280 

SIFT-MS datasets obtained in FS mode were analyzed using multivariate statistical 281 

analysis using SIMCA 14.1 software (MKS Umetrics AB, Umeå, Sweden). An unsuper- 282 

vised Principal Component Analysis (PCA) was followed by a supervised orthogonal pro- 283 

jection least squares discriminant analysis (OPLS-DA), using log transformation and unit 284 

variance (UV) scaling. ANOVA or t-test was also performed on the spectral data to iden- 285 

tify significant variables (ions) in the different cell culture media and O2 conditions. m/z 286 

19 precursor ion (H3O+) and its isotopologues at m/z 20 and m/z 21, water clusters and 287 

their isotopologues at m/z 37, m/z 38, m/z 39, m/z 55, m/z 56, m/z 57, m/z 73, m/z 74, m/z 288 

75 and m/z 91 [44–46], and any undetected ions (m/z with zero values) were removed 289 

when processing the data. Values of p < 0.05 were accepted as statistically significant.  290 

3. Results 291 

3.1. hPSCs expression of pluripotent markers is independent of oxygen condition  292 

Live staining indicated that the hPSC lines used in this study were SSEA-4 and TRA- 293 

1-60 positive and SSEA-1 negative (Figure 2), typical of undifferentiated hPSCs [47,48]. 294 

Furthermore, expression was independent of O2 concentration. Flow cytometry was con- 295 

sistent with live staining observations (Figure 3A). No significant differences in surface 296 

marker expression levels were noted for hPSCs cultured in either 2% or 21% O2 (Figure 3B 297 

and Table 1). SHEF-1 were 99% and 98% SSEA-4+, 76% and 70% TRA-1-60+, 2.5% and 2.6% 298 

SSEA-1+ for 2% and 21% O2, respectively. SHEF-2 were 91% and 83% SSEA-4+, 69% and 299 

65% TRA-1-60+, and 4% and 5% SSEA-1+ for 2% and 21% O2, respectively. ZK2012L were 300 

92% and 91% SSEA-4+, and 58% and 52% TRA-1-60+, for 2% and 21% O2, respectively, 301 

whereas the same number of cells were SSEA-1+ for both O2 conditions (6%).  302 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 10 March 2022                   doi:10.20944/preprints202203.0143.v1

https://doi.org/10.20944/preprints202203.0143.v1


Cells 2021, 10, x FOR PEER REVIEW 9 of 28 
 

 

 303 
Figure 2. SSEA-4, TRA-1-60 and SSEA-1 expression in hPSCs. Phase-contrast (left column), fluores- 304 
cent (middle column) and merged (right columns) images of SHEF-1, -2 and ZK2012L lines cultured 305 
in either 2% or 21% O2. Scale bar is 100 µm. 306 
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 308 

Figure 3. Flow cytometry analysis of SSEA-4, TRA-1-60 and SSEA-1 expression. (A) Histograms of SSEA-4, TRA-1-60 and 309 
SSEA-1 on SHEF-1, -2 and ZK2012L lines. (B) Percentage of positive cells for each marker in the two O2 conditions.  310 

Table 1. Percentages for the pluripotent markers SSEA-4 and TRA-1-60 and the differentiation marker SSEA-1 in the hPSC SHEF-1, 311 
SHEF-2 and ZK2012L by flow cytometry after 4 days in culture in 21% and 2% O2. 312 

 SHEF-1 SHEF-2 ZK2012L 

 Percentage of positive cells 

O2 concentration 21% 2% 21% 2% 21% 2% 

SSEA-4 97.9 ± 2.7 98.6 ± 1.2 83.4 ± 15.4 90.9 ± 6.9 91.1 ± 2.6 92.1 ± 7.9 

TRA-1-60 70.2 ± 14.4 76.2 ± 12.9 64.7 ± 12.9 68.8 ± 12.0 52.3 ± 7.1 57.6 ± 5.1 

SSEA-1 2.6 ± 0.6 2.5 ± 0.3 4.5 ± 3.7 3.74 ± 1.5 6.1 ± 4.5 5.8 ± 3.3 

 313 
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3.2. Pluripotent- and germ layer-specific markers expression levels change with differentiation 314 

and O2 condition 315 

Expression of the germ layer-specific markers AFP (endoderm), Brachyury (meso- 316 

derm) and OTX2 (ectoderm) was investigated in each cell line and for each O2 condition. 317 

Generally, AFP gradually increased throughout differentiation for all hPSCs cultured in 318 

21% O2 and SHEF-1 in 2%. In contrast, SHEF-2 and ZK2012L in 2% O2 showed a progres- 319 

sive rise of AFP expression until day 10 of differentiation, which then dropped to negligi- 320 

ble levels at day 20. Brachyury expression profiles were distinct for each hPSC line and O2 321 

condition. In SHEF-1 cultured at 21%, Brachyury level was maximal at day 5 of differen- 322 

tiation, and it subsequently decreased to a barely visible level at day 20. In 2%, Brachyury 323 

reached its maximum expression by day 10 and subsequently decreased. This pattern was 324 

also observed for SHEF-2 in both O2 conditions. However, cells in 2% displayed extremely 325 

faint levels of Brachyury expression. In ZK2012L cultured in 21%, Brachyury was not de- 326 

tected until day 20. Conversely, ZK2012L in 2% started expressing Brachyury by day 10, 327 

which reached its maximum at day 20. OTX2 expression was detected throughout the 328 

whole differentiation period in all hPSCs and O2 conditions. In SHEF-1, decreased OTX2 329 

was observed at day 20 for either O2, whereas the reverse was seen for SHEF-2, in which 330 

the expression was lower at day 0. OTX2 was expressed at similar levels at all time points 331 

in ZK2012L for both O2 conditions.  332 

Immunofluorescence demonstrated that both POU5F1 and NANOG decreased in a 333 

time-dependent manner with differentiation (Figure 5). Their expression was maximal in 334 

hPSCs at day 0 of differentiation cultured in either O2. ALP (Alkaline Phosphatase) and 335 

SSEA-4 showed similar expression patterns. Overall, there was a noticeable reduction in 336 

expression after 5 days of differentiation for all markers in hPSCs cultured in both O2 con- 337 

ditions. Additionally, the level of fluorescence intensity seems to be maintained until day 338 

10, and then is subsequently lost by day 20.   339 

 340 
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Figure 4. Expression of germ layer-specific gene markers at days 0, 5, 10 and 20 of differentia- 341 
tion. ACTB was used as a positive control. The differentiation markers AFP, Brachyury and OTX2 342 
were used to assess differentiation toward the three germ layers: endoderm, mesoderm, and ecto- 343 
derm, respectively. 344 

 345 

Figure 5. Expression of the pluripotency markers OCT4 (POU5F1, green), ALP (alkaline phosphatase, red), NANOG 346 
(green) and SSEA-4 (red) throughout hPSC differentiation. Expression levels were observed at specific time points of 347 
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differentiation (days 0, 5, 10 and 20) in the three hPSC lines (hESC SHEF-1 and -2, and hiPSC ZK2012L) cultured in 21% 348 
and 2% O2. hPSCs were stained for Scale bar is 100 µm. 349 

3.3. SIFT-MS can distinguish between media, undifferentiated hPSCs and hPSCs undergoing 350 

differentiation 351 

PCA scores of most samples cultured in either O2 condition are present within the 352 

plot of a 95% confidence region (Hotelling T2 ellipse) (Figure 6). Exceptions included some 353 

replicates from undifferentiated hPSC media samples, which were located outside of the 354 

confidence region. Across all score plots there is distinct clustering of control media sam- 355 

ples (UNDIFF MED and DIFF MED). Day 0/undifferentiated hPSCs score plots for both 356 

SHEF-1 (Figure 6B) and SHEF-2 (Figure 6D) under 2% O2 showed a tighter clustering than 357 

their 21% equivalents (Figure 6A and 6C). Differentiated samples (days 5, 10, and 20) 358 

demonstrated clear clustering, with day 20 samples being the tightest clustered group 359 

(Figure 6A - D). Some differentiated sample groups had clustering with overlap (SHEF-1 360 

in 2% and SHEF-2 in 21%). There was no clear clustering of samples in the scores plots of 361 

ZK2012L (Figure 6E and 6F).  362 

In all OPLS-DA models, the data lay within a 95% confidence region (Hotelling T2 363 

ellipse) (Figure 7). Control media samples were clustered, with some overlap for both 364 

SHEF-1 and ZK2012L (Figure 7B and 7F). In contrast, SHEF-2 showed a more noticeable 365 

separation of each control media group (Figure 7C and 7D). Undifferentiated hPSCs (0 366 

DAY) were tightly clustered and evidently separated from differentiation samples. This 367 

separation was greatest in SHEF-1 samples (Figure 7A and 7B), followed by SHEF-2 (Fig- 368 

ure 7C and 7D) and then ZK2012L (Figure 7E and 7F). Overall, differentiation sample 369 

groups (5, 10, and 20 DAYS) showed tight clustering and clear separation across all sam- 370 

ples. Exceptions included 2% Day 10 and Day 20 samples, which displayed some overlap 371 

for both SHEF-1 and ZK2012L (Figure 7B and 7F). Additionally, ZK2012L in 21% showed 372 

the most scattering of Day 5 and 10 samples compared to the rest of the samples (Figure 373 

7E).  374 

 375 
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 377 

Figure 6. PCA score plots of hPSCs exposed culture media headspace. (A) SHEF-1 in 21% O2 (t[1]=33.9%, t[2]=14.3%). (B) 378 
SHEF-1 in 2% O2 (t[1]=33.3%, t[2]=14.5%). (C) SHEF-2 in 21% O2 (t[1]=24.6%, t[2]=14.7%). (D) SHEF-2 in 2% O2 (t[1]=21.5%, 379 
t[2]=16.1%). (E) ZK2012L in 21% O2 (t[1]=9.4%, t[2]=47.4%). (F) ZK2012L in 2% O2 (t[1]=11.7%, t[2]=45.8%). For each score 380 
plot, X and Y axes represent the first and second principal components, respectively. Ellipses represent the 95% confidence 381 
intervals for each PCA score plot. The control undifferentiated media (undiff med/E8 media) (n=5), differentiation media 382 
(diff med/Spontaneous Differentiation Media) (n=9) are shown as circles and squares, respectively, whereas day 0 undif- 383 
ferentiated cells media, day 5 differentiated cell media, day 10 differentiated cell media and day 20 differentiated cell 384 
media are shown as triangles inverted triangles, diamonds, and pentagons, respectively. 385 
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 386 

Figure 7. Scores plot from the OPLS-DA discrimination of SIFT-MS spectra. (A) SHEF-1 in 21% O2 score plot, R2Y(cum), 387 
Q2(cum). (B) SHEF-1 in 2% O2 score plot, R2Y(cum), Q2(cum). (C) SHEF-2 in 21% O2 score plot, R2Y(cum), Q2(cum). (D) 388 
SHEF-2 in 2% O2 score plot, R2Y(cum), Q2(cum). (E) ZK2012L in 21% O2 score plot, R2Y(cum), Q2(cum). (F) ZK2012L in 2% 389 
O2 score plot, R2Y(cum), Q2(cum). For each score plot, X-axis, t[1], and Y-axis, t[2], represent the first and second principal 390 
components, respectively. Ellipses represent the 95% confidence intervals for each OPLS-DA score plot. The control un- 391 
differentiated media (undiff med/E8 media) (n=5), differentiation media (diff med/Spontaneous Differentiation Media) 392 
(n=9) are shown as circles and squares, respectively. Day 0 undifferentiated cells media, day 5 differentiated cell media, 393 
day 10 differentiated cell media and day 20 differentiated cell media are shown as triangles, inverted triangles, diamonds 394 
and pentagons, respectively. 395 

 396 
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3.4. MIM mode detects different VOC levels in undifferentiated hPSCs cultured in distinct O2 397 

conditions  398 

The concentration levels of 10 VOCs (acetone, acetaldehyde, ethanol, butanol, penta- 399 

nol, hexanal, DMS/ethanethiol, butyric acid, pentene and putresceine) in the headspace of 400 

hPSCs media were analyzed using the MIM mode of SIFT-MS (Table 2). Acetone was pre- 401 

sent at similar levels in all hPSCs irrespective of the O2 condition. 2% O2 led to an increase 402 

in VOC levels for acetaldehyde, DMS/ethanethiol and putresceine compared to 21% for 403 

two hPSC lines (SHEF-2 and ZK2012L for acetaldehyde and DMS/ethanethiol, and SHEF- 404 

1 and ZK2012L for putresceine), which was significant for both acetaldehyde and 405 

DMS/ethanethiol. In contrast, 21% O2 caused two hPSC populations to release higher 406 

amounts of both butanol and hexanal compared to 2% (SHEF-2 and ZK2012L, and SHEF- 407 

1 and SHEF-2, respectively). SHEF-2 and ZK2012L at 2% showed a decrease/consumption 408 

of butanol, whereas most samples exhibited neither an increase nor a decrease in hexanal 409 

levels. Ethanol was released at similar levels for most conditions (exception of ZK2012L 410 

at 2%), and this release was significant for SHEF-1 regardless of O2 condition. Pentanol 411 

was present at comparable concentrations in most hPSCs and O2 conditions. Exceptions 412 

included both SHEF-2 at 21% and ZK2012L at 2%, which released a higher amount of 413 

pentanol. Butyric acid was present at similar levels in most hPSCs regardless of the O2 414 

condition, except for ZK2012L at 21%, which displayed a lower increase of butyric acid 415 

level. Each hPSC line exhibited distinct patterns for pentene. SHEF-1 presented compara- 416 

ble levels of pentene in either O2 condition, whereas the other hPSCs showed a higher 417 

VOC release than SHEF-1 (SHEF-2 at 21% and ZK2012L at 2%) and VOC consumption/de- 418 

crease (SHEF-2 at 2% and ZK2012L at 21%). 419 

Table 2. Quantification of VOCs in the headspace of hPSCs using H3O+ precursor in MIM mode. 420 

 SHEF-1 SHEF-2 ZK2012L 

O2 concentration 21% 2% 21% 2% 21% 2% 

Acetone + + + + + + 

Acetaldehyde + + +* ++* +* ++* 

Ethanol +* +* + + + x 

Butanol ++ + ++ - ++ - 

Pentanol + + ++ + + ++ 

Hexanal + x + x x x 

DMS/Ethanethiol ++ ++ +* ++* +* ++* 

Butyric Acid ++ ++ ++ ++ + ++ 

Pentene + + ++ - - ++ 

Putresceine + ++ + + + ++ 

* Statistically different (p<0.05) between 21% O2 and 2% O2 conditions. DMS: Dimethyl sulfide. (x) means absence of compound, (+) 421 
means some increase/release of compound, (++) means high increase/release of compound, (-) means decrease/consumption of com- 422 
pound. 423 

3.5. MIM mode detects different VOC levels in hPSCs undergoing differentiation in distinct O2 424 

conditions  425 

The same VOCs were also analyzed in the headspace of hPSCs media during specific 426 

time points of hPSC differentiation in either 2% or 21% O2 (Table 3). In SHEF-1, most VOCs 427 

showed a decrease in concentration from day 0 to day 5 of differentiation, followed by an 428 

increase until day 10, to their maximal level, before a further decline from day 10 to day 429 

20, where values were lowest (except for hexanal at 2%). This trend was also more notice- 430 

able for most VOCs (acetone, ethanol, butanol, hexanal, butyric acid, pentene and putres- 431 

ceine) in cells cultured in 21%. Exceptions included acetaldehyde and DMS/ethanethiol at 432 
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both O2 conditions and ethanol at 2%. Both acetaldehyde and DMS/ethanethiol signifi- 433 

cantly dropped after 5 days (p<0.01) and were maintained throughout the rest of the dif- 434 

ferentiation process. In contrast, ethanol in SHEF-1 at 2% was present at similar levels 435 

throughout the entire period.  436 

In SHEF-2 different patterns of VOC concentration could be observed throughout 437 

differentiation. Many VOCs exhibited a decrease in concentration from day 0 to day 5 of 438 

differentiation, followed by an increase until day 10 and a further decline from day 10 to 439 

day 20. VOCs showing this pattern included ethanol and hexanal at both O2 conditions, 440 

pentanol, butyric acid, and putresceine at 2% and butanol at 21%. Acetone in both condi- 441 

tions and putresceine at 21% displayed the reverse, increasing from day 0 to 5 (reaching 442 

the highest levels), decreasing until day 10 (where it was lowest) and then rising until day 443 

20. Like SHEF-1, both acetaldehyde and DMS/ethanethiol significantly dropped after 5 444 

days (p<0.01) and were maintained throughout the rest of the differentiation process. Bu- 445 

tanol and pentene levels in 2% continuously raised until day 10, followed by a decline. 446 

The opposite was observed for pentanol and butyric acid at 21%. Finally, pentene at 21% 447 

showed a unique pattern where it decreased over the first 5 days and then continuously 448 

increased until the end of differentiation.   449 

In ZK2012L, each O2 condition displayed different concentration changes across dif- 450 

ferentiation for each VOC, with the exceptions of acetone and pentene. These VOCs de- 451 

creased in the first 5 days and then elevated until day 10. The differences occurred after 452 

day 10, where acetone decreased, and pentene continued to increase until day 20. Once 453 

again, both acetaldehyde and DMS/ethanethiol showed similar concentration level pat- 454 

terns across differentiation and between each O2 condition. In 21%, both VOCs gradually 455 

decreased throughout differentiation, which was significant (p<0.01), whereas at 2%, the 456 

VOC levels progressively declined until day 10 and then increased up to day 20. Both 457 

ethanol and hexanal exhibited similar concentration profiles for both O2 conditions. The 458 

VOCs gradually elevated throughout differentiation in cells at 2%, with the changes in 459 

ethanol being significantly different (p<0.05). In contrast, 21% profiles showed a decline 460 

until day 5, followed by a rise from day 5 to day 20. Comparable VOC patterns were also 461 

observed for both pentanol and butyric acid. In these VOCs, concentrations gradually in- 462 

creased throughout differentiation in 21%, while a decline was seen in the first 10 days, 463 

which was followed by a rise until day 20. Butanol was maintained at similar levels during 464 

differentiation of ZK2012L at 2%, and this profile was also observed for putresceine at 465 

21%. For butanol at 21%, there was a decrease from day 0 to day 5, followed by an increase 466 

and then another decline. In contrast, putresceine progressively decreased until day 10 467 

and then elevated toward the end of differentiation.  468 

Overall, the effects of O2 tension on VOC production/consumption during differen- 469 

tiation were minor on SHEF-1, with only ethanol, hexanal and putresceine showing dif- 470 

ferent trends at 21% and 2%. VOC concentrations in SHEF-2 were more affected by O2 471 

compared to SHEF-1 (six VOCs fluctuated distinctly compared to the three observed in 472 

SHEF-1). O2 had the greatest effect on ZK2012L, which showed different trends for almost 473 

all VOCs at 2% and 21%. The only exception was acetaldehyde, showing a relatively sim- 474 

ilar production/consumption trend during differentiation irrespective of O2 condition. 475 
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Table 3. Quantification of VOCs in the headspace of hPSCs and their progeny using H3O+ precursor in MIM mode. 477 

 SHEF-1 SHEF-2 ZK2012L 

O2 concentration 21% 2% 21% 2% 21% 2% 

Time Point (days) 0 5 10 20 0 5 10 20 0 5 10 20 0 5 10 20 0 5 10 20 0 5 10 20 

Acetone + - + -- + - + -- + ++ + + + ++ + ++ + - + + + -- - --- 

Acetaldehyde ++ +* +* +* ++ +* +* +* ++ -* -* -* ++ -* -* -* + +* +* +* + + - + 

Ethanol ++ + ++ + + + + + + - + - + - + - + - + + + + ++ ++ 

Butanol ++ + ++ -- + + + -- + - + - -- - + - + -- + - - - - - 

Pentanol + + ++ - + + + -- + - -- + + - + - + + ++ ++ + - -- - 

Hexanal ++ - ++ - + - - - ++ + ++ + + + + - - -- - + + + ++ ++ 

DMS/Ethanethiol ++ +* +* +* ++ +* +* +* + -* -* -* ++ -* -* -* + +* +* +* ++ + -- + 

Butyric Acid + + ++ -- + + + -- + - -- + + -- - - + ++ ++ ++ + - -- - 

Pentene ++ + ++ + ++ + ++ - + -- -- - - - + - - -- - + + -- - -* 

Putresceine + - ++ - + + ++ -- + + -- - + - + - + + + + + + -- - 

* Statistically different (p<0.05) between 21% O2 and 2% O2 conditions. DMS: Dimethyl sulfide. (+) means some increase/release of 478 
compound, (++) means high increase/release of compound, (-) means decrease/consumption of compound, (--) means high de- 479 
crease/consumption of compound. 480 

3.6. The acetaldehyde profile detected by SIFT-MS is an indicator of self-renewal and 481 

differentiation in hPSCs  482 

Undifferentiated hPSCs exhibited significantly increased acetaldehyde compared to 483 

their differentiating counterparts, which was more apparent in 2% O2. Acetaldehyde is an 484 

intermediate metabolite of ethanol metabolism [49,50]. Ethanol is oxidized to acetalde- 485 

hyde by the enzymes alcohol dehydrogenase (ADH), cytochrome P450 family 2 subfamily 486 

E member 1 (CYP2E1), or catalase (CAT) [49]. Acetaldehyde is then further oxidized to 487 

acetate by aldehyde dehydrogenases (ALDH) [49]. We next determined expression levels 488 

of genes involved in ethanol metabolism to establish whether the levels of acetaldehyde 489 

detected by SIFT-MS associated with ethanol metabolism in hPSCs. Genes encoding en- 490 

zymes implicated in various stages of ethanol metabolism were selected (Figure S1) for 491 

expression analysis.  492 

Previous reports have demonstrated that 2% O2 upregulates genes involved in sig- 493 

naling pathways and metabolism in hESCs via microarray bioinformatics analysis [51]. 494 

This microarray data was reanalyzed to identify if ethanol metabolism-related enzymes 495 

were differentially expressed in hESCs at 2%. The genes CAT, CYP2E1, ADH4, ADH5, 496 

ALDH1L2, and ALDH18A1 were upregulated, whereas ALDH9A1, ALDH4A1, 497 

ALDH7A1, ALDH16A1, ALDH1B1, ALDH1A2, ALDH3A2, ALDH5A1, ALDH6A1, 498 

ALDH1A3, ALDH1A1 were downregulated (Figure 8A). From this gene list, 6 genes 499 

(ADH4, ADH5, CYP2E1, ALDH1A1, ALDH1A3 and ALDH6A1) were selected for further 500 

transcriptional analysis to confirm if these changes were also observed in SHEF-1, SHEF- 501 

2 and ZK2012L. RT-PCR indicated hPSC upregulation of ADH4, ADH5, and CYP2E1 and 502 

downregulation of ALDH1A1, ALDH1A3, and ALDH6A1 in 2% O2 (Figure 8B). 503 

Chemical knockdown of ADH and CYP2E1 using 4-MP was performed to validate 504 

the observed changes in acetaldehyde from SIFT-MS (Figure 8C and 8D). Following es- 505 

tablishment of non-toxic 4-MP dosage (5 mM, Figure S2), hPSCs were maintained in 4- 506 

MP, and levels of ethanol and acetaldehyde in the media headspace determined. 4-MP 507 

addition resulted in increased ethanol levels in hPSCs at both 21% and 2% O2. In contrast, 508 

acetaldehyde levels decreased in the majority of treated cultures. This reduction achieved 509 

significance for hiPSCs in 21% (p<0.01). 510 
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 512 

Figure 8. Ethanol metabolism activity in hPSCs assessed by molecular and SIFT-MS techniques. (A) Fold-change in micro- 513 
array gene expression level in hPSCs was plotted on scale 0 to 2 [>1 for upregulation (red bars), <1 for downregulation 514 
(blue bars)]. (B) RT-PCR of selected genes involved in ethanol metabolism. ACTB was used as positive control. (C-D) 515 
Treatment with the ADH/CYP2E1 inhibitor 4-methyl pyrazole (4-MP) led to changes in the concentrations of ethanol (C) 516 
and acetaldehyde (D) in the headspace of hPSC media. Y-axis represents part-per-billion by volume (ppbv) measured in 517 
the headspace of samples of non-treated cells (blue bars) and cells treated with 5 mM 4-MP (red bars). X-axis shows the 518 
hPSC lines tested (SHEF-1, SHEF-2 and ZK20212L) cultured in both 2% O2 and 21% O2. Error bars represent +/-SD. Asterisk 519 
indicates significant difference (p<0.01) between non-treated and 4-MP treated samples. 520 

4. Discussion 521 

Here we demonstrate, in a first of its kind study, that SIFT-MS is effective in identifi- 522 

cation and quantification of VOCs in hPSCs and their differentiating lineages. Alternate 523 

technologies utilized in detection of VOCs in hPSCs include Solid-Phase Microextrac- 524 

tion/Gas Chromatography/Mass Spectrometry (SPME/GC-MS) and electronic nose (e- 525 

nose) [35]. GC-MS is the gold standard approach to detect VOCs due to its reproducibility 526 

and high sensitivity [52]. Unfortunately, CG-MS does not allow for real-time analysis 527 

(usually requiring complicated sample preparation) [40], is invasive, and labor-intensive 528 

[53]. e-nose can detect VOCs with high efficiency coupled to simplicity of operation [54]. 529 

In contrast to GC-MS, e-nose is non-destructive, however, utility is diminished as sensors 530 

can be toxic to cells and have limited sensitivity [55]. SIFT-MS overcomes many of these 531 

limitations with high sensitivity, non-invasive application, and ease of use, with no re- 532 

quirement for sample preparation [40]. Because of these advantages, SIFT-MS has the po- 533 

tential to be used in clinical medicine and cell manufacturing as a monitoring device.  534 

We did not detect any significant effects of different O2 conditions in the expression 535 

of pluripotency markers. Immunostaining of germ layer markers also demonstrated no 536 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 10 March 2022                   doi:10.20944/preprints202203.0143.v1

https://doi.org/10.20944/preprints202203.0143.v1


Cells 2021, 10, x FOR PEER REVIEW 20 of 28 
 

 

major differences in expression during differentiation at 2% and 21% O2. In contrast, both 537 

hPSC proliferation and mitochondrial activity were affected by O2 (Figure S3). 2% lead to 538 

increased proliferation and mitochondrial activity in SHEF-1, and a similar rise was also 539 

noticed for SHEF-2 and ZK2012L at 21%. These observations are consistent with previous 540 

studies in which distinct O2 conditions did not lead to alterations in pluripotent and dif- 541 

ferentiation marker expression while changes in their metabolic states were observed [17– 542 

19,56]. However, hPSC proliferation and mitochondrial activity in this study appeared 543 

hPSC line specific, indicating inherent variability likely due to interline differences that 544 

result in distinct hPSC behavior, stability, and quality [2,57–61]. Additionally, the chosen 545 

molecular techniques to assess cellular metabolism are limited in the information they can 546 

provide since hPSCs rely on glycolysis for energy production [17–19,62–65]. Therefore, 547 

further studies incorporating approaches that analyze glucose consumption and lactate 548 

production, such as glucose and L-lactate detection assays, may potentially clarify the re- 549 

sults obtained in this study.  550 

Germ layer genes were expressed differently during differentiation at both O2 condi- 551 

tions. In SHEF lines, 2% O2 generally led to a downregulation of germ layer genes (AFP 552 

and Brachyury) compared to 21%. Previous studies have demonstrated that low oxygen 553 

levels result in a decrease propensity for endodermal and mesodermal formation during 554 

differentiation [66,67]. In contrast, no evident difference in expression pattern for OTX2 555 

was observed between the two O2 conditions, which follows the results of a previous 556 

study [18]. However, other studies have shown that mesoderm [68–70] and ectoderm 557 

[71,72] are promoted, whereas endoderm is suppressed in low O2 conditions [73]. Further 558 

quantification of the genes used in this study will clarify the effects of different O2 condi- 559 

tions on germ layer gene expression.   560 

PCA allows for the identification of variance (differences) between the measurements 561 

collected from analytical chemistry techniques such as mass spectrometry [74]. Here, we 562 

sought to identify a set of metabolites associated with media-only, undifferentiated or dif- 563 

ferentiating hPSCs, and whose concentration would alter with the O2 condition. PCA 564 

scores positioned media-only samples into distinct clusters from the other groups. We 565 

reasoned that the absence of group separation with undifferentiated and differentiating 566 

hPSCs could potentially be due to the high variability present in the samples [74]. To as- 567 

sess this variability, OPLS-DA models were applied, which revealed group separation be- 568 

tween all samples. Differentiating samples formed clusters close to each other, and these 569 

were separated from undifferentiated hPSCs. This demonstrated that undifferentiated 570 

hPSCs have distinct VOC profiles from their differentiating counterparts.   571 

SIFT-MS MIM mode allows accurate and precise quantification of specific VOCs [75] 572 

where the outputs are time profile specific for each selected VOC. MIM data indicated 573 

that the majority of VOCs analyzed were detected at different concentrations in the two 574 

O2 conditions. Overall, no clear pattern in the VOC profiles of undifferentiated and differ- 575 

entiating hPSCs emerged. VOC generation was cell line dependent with specific concen- 576 

trations, timepoints and O2 conditions. The inherent variability present between different 577 

hPSC lines, which, in turn, leads to variation in differentiation capacity, may be responsi- 578 

ble for this absence of typical features [60,61,76,77]. Further, it may be that future refine- 579 

ment of experiments and addition of other analytical chemistry techniques, such as GC- 580 

MS [35,78], raman spectroscopy [79–84] or synchrotron Fourier transform infrared (FTIR) 581 

[79,85], are required to clarify and validate the SIFT-MS observations.  582 

A general observation was the significant decrease of both acetaldehyde and 583 

DMS/ethanethiol once differentiation was initiated. Acetaldehyde has been detected in 584 

various cancer cell lines at concentrations of 100-1500 ppb [86–89]. hPSCs and cancer cells 585 

have a similar metabolism to support unlimited proliferation [26,90,91] and thus, acetal- 586 

dehyde might have roles in maintaining self-renewal. For instance, both cell types favor 587 

glycolysis over oxidative phosphorylation to produce energy even if they contain func- 588 

tional mitochondria and there is sufficient oxygen to support mitochondrial respiration 589 

[23,25,26]. A reason for this could be the hypoxic environment where cells reside, as seen 590 
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for hematopoietic stem cells [92,93] and cancer cells [90,94,95]. This study showed that 591 

lower O2 conditions (2%) upregulated expression of enzymes participating in the conver- 592 

sion of ethanol to acetaldehyde (ADH4, ADH5, and CYP2E1) while downregulating en- 593 

zymes involved in generating acetate from acetaldehyde (ALDH1A1, ALDH1A3, and 594 

ALDH6A1). In contrast, the opposite was observed for 21% O2. It is possible that low ox- 595 

ygen, known to stimulate a more undifferentiated state in hPSCs [5,8,9,13–16], promotes 596 

the generation of acetaldehyde, which, in turn, may contribute to the maintenance of plu- 597 

ripotency and self-renewal in hPSCs.  598 

Further, DMS displays antioxidant properties, providing cells with protection 599 

against free radical DNA damage and enabling cell longevity [96]. When considered 600 

alongside that the long-term culture of hPSCs can result in the appearance of chromoso- 601 

mal abnormalities [5–8], we propose that high concentrations of DMS may form a compo- 602 

nent of a feedback loop driving genomic stability in long-term culture.   603 

SIFT-MS analyses the cellular exometabolome, which reflects the intracellular metab- 604 

olism [97,98]. Therefore, a way to understand which intracellular metabolic pathways con- 605 

tribute to the exometabolome is to introduce modifications either intra- or extra-cellularly 606 

[98]. Application of chemical inhibitors or inducers can change the activity of intracellular 607 

metabolic pathways, which, in turn, might alter the composition of the exometabolome. 608 

With this in mind, the current study also investigated whether ethanol metabolism is ac- 609 

tive in hPSCs since acetaldehyde was detected at higher concentrations in undifferenti- 610 

ated hPSCs. Supplementation with an inhibitor that interferes with the oxidation of etha- 611 

nol resulted in a rise in ethanol and a decrease in acetaldehyde concentrations. This ob- 612 

servation coupled to the transcriptional changes indicate that ethanol metabolism is likely 613 

to be an active metabolic pathway in hPSCs. Future steps should incorporate additional 614 

analytical chemistry methods to validate further and enhance confidence in the SIFT-MS 615 

results.  616 

SIFT-MS demonstrated that O2 concentration affects hPSC metabolism without obvi- 617 

ous changes in self-renewal, pluripotency, and differentiation capacity. It is evident that 618 

improved understanding of the metabolic processes during the maintenance and differ- 619 

entiation of hPSCs is required before realizing the clinical and commercial potential of 620 

hPSCs. SIFT-MS is identified here as a technique that can assist in this realization by 621 

providing a non-destructive and timely analysis of the cell exometabolome. 622 

5. Conclusions 623 

hPSC behavior changes depending on the in vitro culture conditions, here, when O2 624 

concentrations vary. Because O2 is inherently a critical factor in cellular metabolism and 625 

metabolism is closely linked to epigenetics and cell fates, it is imperative to accurately 626 

define the role of O2 in intracellular metabolic pathways of hPSCs. SIFT-MS can be a vital 627 

contributor in revealing such roles through the study of VOC release. Combined with 628 

other omics approaches, this could reduce the gap between the metabolome and genome. 629 

Unfolding the metabolic processes occurring in hPSCs during maintenance and differen- 630 

tiation has potential to improved culture protocols and the development of new charac- 631 

terization assays that focus on the metabolism of hPSCs to ensure the maintenance of 632 

hPSCs in long-term culture.  633 
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