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ABSTRACT: Targeted and nontargeted metabolomics has the
potential to evaluate and detect global metabolite changes in
biological systems. Direct infusion mass spectrometric analysis
enables detection of all ionizable small molecules, thus
simultaneously providing information on both metabolites and
lipids in chemically complex samples. However, to unravel the
heterogeneity of the metabolic status of cells in culture and tissue a
low number of cells per sample should be analyzed with high
sensitivity, which requires low sample volumes. Here, we present
the design and characterization of the direct infusion probe, DIP. The DIP is simple to build and position directly in front of a mass
spectrometer for rapid metabolomics of chemically complex biological samples using pneumatically assisted electrospray ionization
at 1 μL/min flow rate. The resulting data is acquired in a square wave profile with minimal carryover between samples that enhances
throughput and enables several minutes of uniform MS signal from 5 μL sample volumes. The DIP was applied to study the
intracellular metabolism of insulin secreting INS-1 cells and the results show that exposure to 20 mM glucose for 15 min significantly
alters the abundance of several small metabolites, amino acids, and lipids.

Metabolomics is the comprehensive analysis of small
molecules involved in metabolic pathways that drive the

biochemistry and function of our cells. Profiling an organism’s
dynamic metabolome can lead to objective disease diagnosis,1,2

personalized medicine,3,4 and realization of fundamental
molecular mechanisms involved in complex biological
processes.5,6 Important applications such as these have
catalyzed rapid technology development. For example, there
have been significant advancements to achieve higher
throughput NMR-based metabolomics, which are intrinsically
quantitative with metabolite concentrations proportional to the
number of nuclei.7,8 However, compared to NMR, the
sensitivity and selectivity of mass spectrometry (MS) based
metabolomics techniques is imperative for using smaller
sample volumes and acquiring a wider metabolite coverage.
Thus, MS has evolved into the most universally applied
instrumentation for modern metabolomics.
Conventional MS-based metabolomics workflows involve

several steps: (i) metabolite extraction and clean up from
biofluids, cells, or tissue;9,10 (ii) online separation (e.g., liquid
chromatography); (iii) and MS detection. Depending on the
targeted metabolite compound classes, mass spectrometry can
be coupled with either liquid chromatography (LC),11−14 gas
chromatography (GC),15,16 or capillary electrophoresis
(CE)17−19 for metabolite separation and annotation. While
comprehensive separation techniques provide the widest
metabolome coverage, achievable sample duty cycles can
limit large sample cohort studies and therefore biomedical
conclusions.

To increase sample throughput and feasibility for larger
cohort studies there is a drive for establishing methods where
metabolites extracted from cell and tissue samples are more
rapidly profiled and quantified. Higher throughput LC-MS and
CE-MS methods have been developed with separation times
<2 and 4 min, respectively.20,21 Nevertheless, direct infusion
MS methods are the fastest reported methods to date, with
sample duty cycles of only a few seconds.22,23 In addition to
increasing sample throughput, there has been considerable
effort made to develop direct MS technology for profiling
metabolites from volume limited biological samples. For
example, ambient ionization techniques such as desorption
electrospray ionization (DESI), direct analysis in real time
(DART), and liquid microjunction surface sampling probe
(LMJ-SSP) have been used to profile metabolites directly from
biological surfaces.24 Additionally, nanospray based direct
infusion MS methods have enabled metabolite profiling in
submicroliter volumes.25−27

One of the simplest direct MS metabolomics methods
reported in the literature is flow injection analysis, with duty
cycles <1 min.28 Yet, flow injection suffers from longitudinal
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diffusion from the external pump that limits the number of
samples injected online between solvent plugs and causes
nonuniform sample elution profiles that limit sensitivity from
volume limited injections due to diffusion. To reduce the need
for an external pump, eliminate longitudinal diffusion, and
instead achieve square wave sample profiles, several probes for
direct infusion MS were developed since the late 1990s.29

These probes take advantage of the Venturi effect where a flow
of gas over the capillary outlet enables direct transport of a
sample from its container to the mass spectrometer inlet for
subsequent ESI.29−34 Depending on the capillary dimensions,
which generally have an inner diameter between 100 and 250
μm, flow rates between 5 and 10 μL/min and up to 80 μL/min
have been reported. Self-aspirating ESI probes have been
constructed both without an applied electrospray voltage30,31

and with an applied electrospray voltage placed either in the
ESI source29,33 or in the sample solution.32,34 However, for the
analysis of low abundant metabolites the use of voltage for ESI
generates higher ionization efficiency and greater metabolite
coverage.
Herein, we describe the design, optimization, and character-

ization of the direct infusion probe (DIP) coupled to MS. The
DIP is self-aspirating by using the Venturi effect, and it is made
of a stainless-steel capillary that allows for direct application of
the high voltage for enhanced ionization. Direct aspiration
through the probe for ionization enables analysis of minute
sample volumes ≤5 μL and can provide metabolomics of cell
or tissue samples down to 20 cells/μL. As a proof-of-principle
study, DIP-MS was employed to measure the metabolic
response in insulin secreting INS-1 cells after 15 min
stimulation with high glucose with simultaneous nontargeted
and quantitative targeted mode. The results show significant
alterations in several metabolic pathways including both
metabolites and lipids. The overall device simplicity makes
DIP-MS a new and exciting tool for higher-throughput direct
infusion metabolomics.

■ EXPERIMENTAL SECTION
Chemicals and Prepared Solutions. Solvents for

extraction were HLPC-grade methanol (MeOH) (Fisher
Scientific), Milli-Q water (H2O) from Milli-Q Plus, and
formic acid (Merck). For quantification the internal standards
oleic acid-d9 (FA 18:1-d9), LPC 19:0, PC 11:0/11:0, GABA-d2,
Acetylcholine-d9, Glucose-d2, and Cell Free Amino Acid
Mixture-15N (Sigma-Aldrich) were prepared in MeOH:H2O
(9:1) with 0.1% formic acid (Tables S1 and S2). INS-1 cells
were exposed to a solution contained 138 mM NaCl, 5.6 mM
KCl, 1.2 mM MgCl2, 2.6 mM CaCl2, and 1, 3, or 20 mM D-
glucose at pH 7.4 and room temperature.
Biological Samples. Frozen intact rat brain tissue

(Innovative Research Inc., Novi, MI, USA) was cut into
small pieces and added to 35 mL MeOH, generating a
metabolite extract of 34.61 mg rat brain tissue per mL. For cell
dissociation, the sample was sonicated using an ultrasonic
processor (VCX 130, Sonics and Materials, Inc.) for 2 cycles at
50% for a total of 5 min, pulses for 2 s with 1 s pause in
between for each cycle. Finally, the sample was centrifuged at
2000 g for 6 min to remove residual tissue debris and the
supernatant collected and stored at −20 °C until use.
Immortalized human embryonic kidney 293 cells (HEK293)

were cultured in a Dulbecco’s Modified Eagle Medium
(DMEM) medium (Gibco) supplemented with 10 v/v %
fetal bovine serum (FBS), 1 v/v % nonessential amino acids

and 1 v/v % penicillin/streptomycin. Approximately, 1 million
cells were collected (Bürker−Türk hemocytometer), washed
three times by centrifugation (200 g for 5 min), and
resuspension in 1 mL of saline solution at 37 °C. Metabolites
from the cell pellet were extracted with 1 mL of MeOH:H2O
(9:1) plus 0.1% formic acid, sonicated for 20 min, and
centrifuged at 13 000 g for 20 min to remove cellular debris to
eliminate potential clogging of the capillary. Following, a
working solution containing 25 000 cells/mL was prepared and
further diluted in triplicates to the final cell densities of 500,
400, 300, 200, 100, 50, and 20 cells/μL, and the solvent was
evaporated (SpeedVac Vacuum Concentrator, Thermo Fisher
Scientific) for 1.5 h. After addition of 5 μL of internal standard
solution (Table S1), the samples were stored at −80 °C.
Rat insulinoma cell line INS-1 clone 832/13 cells were

maintained in RPMI 1640 (Invitrogen) containing 10 mM
glucose and supplemented with 10% fetal bovine serum,
streptomycin (100 μg/mL), penicillin (100 μg/mL), Na-
pyruvate (1 mM), L-glutamine (2 mM), and 2-mercaptoetha-
nol (50 μM). Approximately 1 million cells were transferred to
24-well for ∼20 h before exposure to 3 mM glucose for 1 h in
37 °C and then either 1 mM glucose or 20 mM glucose for 15
min. Following that, the cells were quickly rinsed three times
with saline solution and lysed with 100 μL of MeOH:H2O
(9:1) with 0.1% formic acid and internal standards (Table S1).
Finally, the samples were sonicated and centrifuged as
described above and immediately analyzed.
Mass Spectrometric Parameters. A QExactive Basic

(Thermo Fisher Scientific, Bremen, Germany) was used to
acquire data in positive and negative modes (for INS-1 cells
data) between m/z 70−1000 using a mass resolution of
140 000 (m/Δm at m/z 200). Data presented was acquired in
positive mode unless stated otherwise. Detailed information
about the experimental parameters used can be found in Table
S3.
Direct Infusion Probe (DIP). The DIP probe was

constructed using a 7 cm stainless-steel capillary (320:50 μm
OD:ID) (MS Ekspert, Gdanśk, Poland), a PEEK sample tee
(0.050 in. through hole) (Upchurch Scientific, Oak Harbor,
USA) and Teflon sleeves with 1/16-in. OD and 0.5 and 0.75
mm ID (VICI Valco, USA). The sample vial and probe were
positioned using a MIM micromanipulator (Quarter Research
and Development, Bend, OR). Once the probe position was
optimized, it was held in place using an in-house designed and
3D-printed support attached to the mass spectrometer inlet.
Nitrogen gas was supplied at ∼5 bar to generate the self-
aspirating Venturi pump.
Data Analysis. The acquired data were analyzed with the

software MZmine 2 (parameters used are detailed in Note
S1).35 Carryover was calculated by taking the intensity of
analyte A in scan 10 or 20 of the new sample that does not
contain A, and dividing it with the average intensity detected of
A in the original sample in percentage (eq 1)

= ×carryover
intensity of A

average intensity of A
100A

per scan in the solution without A

solution containing A

(1)

Other calculations such as, limits of detection (LOD) or
concentrations, were based on the integrated signal over 1 min.
Metlin and Human metabolome database (HMDB) were used
to perform putative assignment of detected peaks via accurate
mass (<5 ppm accuracy) for protonated ([M + H]+) and
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sodiated ([M + Na]+) adducts. Figures were plotted using
Origin 2016 (Thermo Fisher Scientific, Bremen, Germany).
Statistical differences for the INS-1 treated cells were evaluated
by performing two-tailed unpaired homoscedastic Student’s t
test. Metabolic pathway networks and Volcano plot for
putatively assigned metabolites were obtained through
Metaboanalyst.36

■ RESULTS AND DISCUSSION
Direct Infusion Probe (DIP) Design and Optimization.

The DIP was designed to reproducibly sample and ionize
minute sample volumes for direct infusion metabolomics. Our
design combines application of the high voltage directly on a
stainless-steel capillary with a nebulizer constructed from a
PEEK sample tee where nitrogen gas is supplied to the top of
the tee (Figure 1). The nebulizer allows for self-aspiration

through the Venturi self-pumping effect and enhanced solvent
desolvation compared to conventional nanoelectrospray
sources. Compared to previous miniaturized probes for direct
infusion,32,34 the DIP has a minimalistic design that
incorporates high voltage for efficient ESI directly to flow/

ionization capillary. The minimal probe volume of 0.14 μL
enables rapid transfer of minute amounts of material directly
from the vial to the mass spectrometer inlet for pneumatically
assisted electrospray ionization.
For characterization and optimization of the DIP, several key

parameters were evaluated using standard solutions. These
parameters include probe-to-MS distance, electrospray angle
toward the MS inlet, applied nitrogen pressure for self-
aspiration, applied electrospray potential, and MS inlet transfer
capillary temperature. Good and reproducible data was
acquired when the tip of the probe was 2.5 mm away and at
a 45° angle directly in front of the mass spectrometer inlet
(Figure S1). Furthermore, the optimal conditions were found
using a nitrogen pressure of 5 bar (Figure S2), a MS inlet
transfer capillary temperature of 300 °C (Figure S3), and an
ESI voltage of 1.9 kV (Figure S4). These conditions resulted in
a flow rate of 1 μL/min, which was measured by repeated 1
min sampling of solution with known density with weighing
steps between each sampling event. The achievable flow rate is
attributed to the inner diameter of the stainless-steel capillary
in combination with the nitrogen pressure applied to the PEEK
tee.37 During optimization, it was found that the position in
front of the mass spectrometer inlet was important for
reproducibility. A holder was therefore 3D-printed to easily
position and fix the DIP in front of the mass spectrometer
inlet, which minimized accidental movements and maximized
reproducible experimental setups. Overall, the DIP probe
provides a simple tool for metabolite profiling from very small
sample volumes.
Evaluation of Carryover and Repeatability. The DIP

has the capacity for rapid sampling of only 5 μL samples and
provides square wave sample profiles without longitudinal
diffusion. The square wave profile clearly separates samples
and simplifies data extraction, analysis, and metabolite
annotation. Given that the DIP has a capillary volume of
0.14 μL, the solution within the capillary of the DIP should
theoretically be fully exchanged after 8 s with a flow rate of 1
μL/min. The carryover between samples was experimentally
determined by switching between standard solutions contain-
ing nonendogenous compounds and endogenous compounds
from rat brain tissue extract. Thus, either endogenous
molecules from the brain extract or standards from the
standard solution should be detected. Results for glutamate are
depicted in red (endogenous) or blue (15N labeled) in the

Figure 1. Design of the direct infusion probe (DIP). (A) Schematic
overview of the probe in front of the mass spectrometer inlet and (B)
photograph of the assembled probe with a 200 μL centrifuge tube.

Figure 2. Carryover and comparison between established sources. (A) Extracted ion chronograms of glutamate-15N (m/z 149.0575) in standard
solution (blue) and glutamate (m/z 148.0604) in rat brain extract (red) with a rolling average of 5. (B and C) Fold change of relative LOD for
selected metabolite standards between m/z 75 and 230 plotted for DIP compared to (B) ESI and (C) HESI. Positive values indicated better LOD
with the DIP. Protonated adducts are black and sodiated adducts orange.
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square wave extracted ion chronograms (EIC) in Figure 2A
(additional data in Figure S5). Note that the spike at the end
of each sampling event is due to a temporarily increased flow
of the residual sample inside the capillary.30 Despite
consecutive sampling, the carryover was considered minimal
after 10 scans, which corresponds to ∼8.5 s. At this time, the
carryover was 2.5% on average, although it was further
decreased to ∼1.1% after 20 scans, ∼17 s (Table S4, eq 1).
This shows that the carryover between samples is minimal
even without washing steps between, which is similar to other
reports.27 However, the first 10 scans should not be considered
in data analysis due to ongoing sample exchange in the
capillary. Furthermore, washing between samples is recom-
mended for high concentration samples or high salt loads.38

The rapid exchange of solution in the capillary, minimal dead
volume, and minimal carryover between samples has the
potential for using the DIP for rapid analysis of low volume
samples.
In addition to minimal carryover, high repeatability is

desirable for comparative metabolite profiling of minute
biological samples. The repeatability of DIP was evaluated by
analyzing a standard solution four times within the same day
and on three consecutive days to determine intra- and interday
repeatabilities, respectively. The intraday RSDs of 24 individual
standards as protonated or sodiated species was found to be
4.5% on average, and down to 0.9% at the lowest (Table S5).
These data demonstrate that the DIP is a reliable method for
direct infusion metabolomics and is comparable with previous
reports.39 The interday RSD values were higher than the
intraday, with 31.2% on average, and 8.3% at the lowest (Table
S5). Interday repeatability incorporates the variability intro-
duced by physical day-to-day reassembly of the DIP, causing
slight variations in probe positioning and applied gas pressure
that ultimately affect flow rate and ionization. We anticipate
that variability in ionization is the major component
contributing to the larger interday RSD. This is corroborated
by the decreased average interday RSD of 20.0% after
normalization to the total ion current (Table S5), which
compares well with previous reports for commercial ESI
sources at 18.8%39 and is within the RSD of <20%
recommended RSDs from FDA.40 Overall, these results
demonstrate adequate interday repeatability for the DIP with
experimental reassembly, although it is advisable to analyze
samples within the same batch using the same probe setup to
minimize measurement variations.
Comparison to Commercially Available ESI Sources.

Along with providing measurements with high repeatability,
adequate sensitivity is essential for direct infusion metab-
olomics. The sensitivity of the DIP was compared with
commercially available electrospray ionization sources ESI and
heated ESI (HESI) using their individual optimized settings
and the same mass spectrometer (Table S3) and standard
solutions of 25 biologically relevant metabolite and lipid
species. Following analysis, 1 min of acquired data with stable
TIC signal was extracted for each experiment and the LOD for
each standard was calculated according to eq 2, using the slope,
S, of the calibration curve versus the integrated signal (Table
S6) and standard deviation of the linear regression line
residuals, σ, (Table S7).41

=
S

LOD
3.3

(2)

The sensitivity was evaluated by the LOD fold change,
which was determined by subtracting the LOD obtained with
the DIP from the LOD obtained with the respective ESI or
HESI source, followed by dividing with the LOD of the DIP. A
positive fold change value for a detected standard thereby
represents a lower LOD for the DIP, suggesting that a higher
sensitivity is afforded to that specific ion. The resulting LOD
fold changes for DIP compared to ESI and HESI are plotted in
Figure 2B and C, respectively, for standards detected between
m/z 75 and 230 (Table S8). Notably, there are only minor
differences in LOD fold-change between the ionization
sources, which indicates their functional similarity. However,
the fold change is on average 0.21- and 0.28-times better for
DIP compared to ESI and HESI, respectively. Furthermore,
DIP presents better LODs for 30 and 42 out of 47 detected
standard peaks compared with ESI and HESI, respectively.
However, the lower flow rate of the DIP (1 μL/min)
compared to the ESI and HESI (5 μL/min) generally provides
overall longer ion accumulation times and less intense ions per
spectra (Table 1). Despite the differences in ion sources, the
results show that DIP is fully comparable with the established
sources despite its simplicity and low flow rate.

Biological samples are chemically complex and can have a
high salt content. The DIP was found to be tolerant to samples
with high salt content and to provide a wide range of detected
metabolites and lipids in a single scan from an extract of rat
brain (Figure 3). The single scan, without any averaged
microscans, in Figure 3 corresponds to the extract of 0.8 ng of
rat brain tissue, considering analysis of 0.23 nL rat brain extract
of 3.46 mg/mL (flow rate of 1 μL/min and duty cycle of ∼14
ms). The mass spectrum consists of a plethora of ions from
small polar metabolites to larger hydrophobic lipids, including
19 of the 20 amino acids, neurotransmitters, fatty acids,
osmoregulators, sterols, and several phospholipid species,
where only a fraction are putatively annotated in Figure 3A−
C. A full list of 218 putatively annotated features from which
120 are metabolites in positive ion mode is provided in Table
S9. Although, the low flow rate of the DIP overall reduces the
number of metabolites detected compared to ESI and HESI,
the DIP retains the high diversity of ions detected at one time
from a complex sample while only using a minute amount of
material.
Metabolite Detection in Low Cell Number Samples.

Most metabolomics studies require tens of microliters of
sample and at least one million cells. The DIP was designed to
reduce the sample volume and minimize number of cells while
retaining a high metabolite coverage. These features are
especially important for analysis of a limited number of cells,
such as unique samples isolated using fluorescence activated
cell sorting (FACS) or primary cells in cultures. To evaluate
metabolite detection of samples with low cell densities, 5 μL

Table 1. Ion Accumulation Times (IT) and TIC Values for
20 Consecutive Scans of a Sample of Rat Brain Extract of
0.086 mg/mL Acquired with DIP, ESI, and HESI Sourcesa

IT (ms) ± RSD (%) TIC ± RSD (%)

DIP 181.15 ± 3.02 1.17 × 107 ± 3.78
ESI 1.41 ± 8.61 1.54 × 109 ± 7.71
HESI 1.17 ± 6.30 1.84 × 109 ± 5.93

aThe flow rate of DIP is 1 μL/min and the flow rate of ESI and HESI
is 5 μL/min.
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Figure 3. Single scan, without any averaged microscans, high resolution spectrum in positive ion mode from a methanolic rat brain extract analyzed
with DIP-MS. (A) Full spectrum from 70 to 1000 Da, (B) same spectrum zoomed into m/z 100−206 and with several metabolites annotated, and
(C) same spectrum zoomed into m/z 700−900 with several annotated lipids. A list of additional putatively annotated peaks is provided in Table S9.

Figure 4. Quantification of endogenous metabolites and lipids in samples with low cell densities. Concentrations of endogenous (A) small
metabolites and (B) phospholipids from 5 μL samples with 20 to 500 cells/μL. Note that the Y-axes are for species depicted as squares (left) and
circles (right). Error bars represent one standard deviation of triplicates of sample preparation. n = 3 per cell density, which equals 21 samples in
total.
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samples containing methanolic extracts of 20−500 HEK293
cells/μL were analyzed. Selected endogenous molecules were
quantified using internal standards according to eq 3, where
the endogenous concentration ([endogenous]) was deter-
mined from the integrated signal, over 1 min, of the
endogenous molecule (Areaendogenous) to the internal standard
(AreaIS) and multiplied by the concentration of the internal
standard ([IS]).

[ ] = × [ ]endogenous
Area

Area
IS

endogenous

IS (3)

The resulting data show increasing intensities correlating
with increasing number of cells/μL. Furthermore, the data
suggests that as few as 20 cells/μL generates information from
both lipids and metabolites, such as amino acids and glucose,
at concentration down to 0.1 μM (Figure 4). The most
abundant metabolite of HEK cells quantified here is glutamate
followed by aspartic acid and alanine, while phenylalanine has
the lowest concentration (Figures 4, S6, and S7). Notably, the

most abundant lipid, PC 34:1, has a similar concentration as
glucose and the concentration of the second most abundant
lipid, PC 32:1, is much lower. Despite the potential to analyze
down to 20 cells/μL, it is advisable to use more than 100 cells/
μL for a more extensive metabolite profiling. Using an
instrument to sort the cells (e.g., FACS) and accurately
know the number of cells would be the ideal situation when
single cell analysis is required. Nevertheless, the opportunity to
use samples with low cell numbers provides new possibilities
for isolation and chemical profiling of a small number of
unique cells.
Metabolite Alterations in Glucose Stimulated INS-1

Cells. Insulin-secreting INS-1 cells are commonly used to
study the release of insulin after exposure to glucose.42−44 The
DIP was used for a combined nontargeted and quantitative
targeted metabolome profiling of cultured INS-1 cells exposed
to either 1 or 20 mM of glucose for 15 min. The metabolites
were putatively annotated based on accurate mass for
nontargeted statistical analysis and the results are presented

Figure 5. Nontargeted and quantitative targeted metabolite profiling of INS-1 cells exposed to either low (1 mM) or high (20 mM) glucose. (A)
Nontargeted data analysis: Volcano plot originated from the global median normalization of a total of 190 features putatively assigned. A total of 56
metabolites were considered significant (p < 0.05) according to Student’s t test analysis and fold change higher than 1.04. Red and blue correspond
to up and down regulated features, respectively, and in gray are the nonsignificant features. (B) Network: The global metabolomic network
highlighting in black dots some of the significantly altered metabolites. (C) Targeted data analysis: Concentration of metabolites in INS-1 cell
exposed to either low (light blue) or high (dark blue) glucose. All results are significantly different (p < 0.05) between the treatment groups
according to two-tailed unpaired homoscedastic Student’s t test analysis. All results refer to the sodiated adducts of each metabolite, except for
valine and proline where the protonated adducts are used. Error bars represent one standard deviation of n = 10 of sample preparation from the
same batch.
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as a volcano plot in Figure 5A. The results reveal the dynamics
of the metabolome and shows significant increases and
decreases in numerous metabolites between the two treatment
conditions (Table S10). For example, while aspartic acid is 0.4-
times decreased in the 20 mM glucose treated cells, sorbitol is
only observed in the cells exposed to high glucose environ-
ment, which is relevant since glucose is reduced to sorbitol in
the polyol pathway. The global metabolic network map in
Figure 5B depicts the relation between the significantly altered
metabolites, which includes metabolic pathways of amino acid
metabolism, in particular alanine, aspartate, and glutamate
metabolism and arginine and proline metabolism (Table S11).
Additionally, lipid metabolism, including fatty acid biosynthesis
and glycerophospholipids metabolism are identified together
with the citric acid cycle. These pathways are important to
normal cell function and to the regulation of insulin
secretion.45,46 The nontargeted metabolomics results are in
agreement with previously published reports stating that
several metabolites are altered in response to high glucose
concentrations.45,46 In addition to analysis in positive mode,
we performed the same experiments in negative mode and the
significant metabolite alterations are detected in the similar
metabolic pathways (Figure S8 and Tables S12 and S13).
Thus, the DIP provides relevant data for exploring intracellular
metabolism dynamics from a low number of cells within a
short analysis time.
In addition to nontargeted analysis, quantitative results from

targeted metabolites were simultaneously acquired with
isotopically labeled internal standards to obtain quantitative
comparisons. The results show that exposure to 20 mM
glucose causes statistically significant (P < 0.05) changes in the
concentration of wide range of metabolites (Figure 5C). In
addition to a higher observed concentration of glucose in the
20 mM glucose treated cells, glutamate, FA 18:1 (oleic acid),
and alanine were also increased in cells exposed to high glucose
in accordance with previous studies.47−52 In particular,
glutamate acts as a link between glucose metabolism and
insulin release justifying its increase in the presence of high
glucose environment.53 The increased amount of GABA
correlates with the hypothesis that GABA can affect insulin-
secretion regulation through the β-cell GABA shunt in
response to glucose stimulation.51,52,54 Furthermore, since
the DIP simultaneously ionizes all material in the cell extract,
our data also reveals alterations in PC and LPC species after 15
min of glucose exposure (Figure 5C). Such results have
previously only been reported after long-term culture of INS-1
cells in glucotoxic conditions.55 These results highlight the
capability of the DIP to provide a snapshot with wide
molecular coverage of ongoing metabolic events in biological
systems. Based on the simplicity of the DIP device in both
construction and use, the potential for high throughput
analysis, the minimal sample preparation required, and the
high metabolite coverage, we anticipate that the DIP will be an
important tool for future targeted and nontargeted metabolite
profiling of cells and tissue studies where minimal volumes are
desired.

■ CONCLUSIONS
We have presented a probe for direct infusion MS, the DIP,
that is simple, robust, and can provide fast analysis of
chemically complex biological samples, such as cells and
tissue. The probe readily provides minutes of data from
samples volumes as low as 5 μL and with a cell density down to

20 cells/μL. This opens up the possibility for new high-
throughput metabolomics studies of unique FACS sorted cells,
primary cells of limited amounts, or smaller volumes of any
type of samples. The DIP is tolerant to high salt loads and
chemically complex samples of a range of concentrations and
has minimal carryover, thereby reducing the need for laborious
and time intensive sample preparation after extraction of
metabolites from cells or tissue. Thus, DIP presents itself as a
promising alternative to conventional direct infusion mass
spectrometry for metabolite profiling. With the potential to
combine and simultaneously acquire both nontargeted
metabolite profiling and quantitative targeted analysis of
selected metabolites, the metabolome can be characterized in
both qualitatively and quantitatively. Additionally, the minimal
sample preparation and preselection of molecular species
simultaneously provides data on a wide range of metabolite
and lipid classes. Overall, we anticipate that the minimalist
design, method simplicity, and high-quality data generated
from minute biological samples makes DIP a valuable tool for
the wider metabolomics community.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.analchem.2c02918.

Several figures and tables detailing additional exper-
imental conditions, results for evaluation of the perform-
ance, quantification, metabolite coverage, details of
nontargeted analysis, and suggested altered pathways
(PDF)

■ AUTHOR INFORMATION
Corresponding Author

Ingela Lanekoff − Department of Chemistry�BMC, Uppsala
University, 75123 Uppsala, Sweden; orcid.org/0000-
0001-9040-3230; Email: Ingela.Lanekoff@kemi.uu.se

Authors
Cátia Marques − Department of Chemistry�BMC, Uppsala
University, 75123 Uppsala, Sweden

Liangwen Liu − Department of Medical Cell Biology, Uppsala
University, 75123 Uppsala, Sweden

Kyle D. Duncan − Department of Chemistry�BMC, Uppsala
University, 75123 Uppsala, Sweden; orcid.org/0000-
0003-0575-0858

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.analchem.2c02918

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
Funding for this work was provided by the Swedish
Foundation for Strategic Research (ITM17-0014) and the
Swedish Research Council (2017-04125). The authors thank
Professor Sebastian Barg from the Department of Medical Cell
Biology, Uppsala University, Sweden, for fruitful discussions on
the events in INS-1 cells following glucose exposure.
Additionally, the authors thank Dr. Adam Engberg at the
Department of Medical Cell Biology for assistance with 3D-
printing.

Analytical Chemistry pubs.acs.org/ac Article

https://doi.org/10.1021/acs.analchem.2c02918
Anal. Chem. 2022, 94, 12875−12883

12881

https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c02918/suppl_file/ac2c02918_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c02918/suppl_file/ac2c02918_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c02918/suppl_file/ac2c02918_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c02918/suppl_file/ac2c02918_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c02918?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c02918/suppl_file/ac2c02918_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ingela+Lanekoff"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9040-3230
https://orcid.org/0000-0001-9040-3230
mailto:Ingela.Lanekoff@kemi.uu.se
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ca%CC%81tia+Marques"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Liangwen+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kyle+D.+Duncan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0575-0858
https://orcid.org/0000-0003-0575-0858
https://pubs.acs.org/doi/10.1021/acs.analchem.2c02918?ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.2c02918?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


■ REFERENCES
(1) Dutta, M.; Singh, B.; Joshi, M.; Das, D.; Subramani, E.; Maan,
M.; Jana, S. K.; Sharma, U.; Das, S.; Dasgupta, S.; Ray, C. D.;
Chakravarty, B.; Chaudhury, K. Sci. Rep. 2018, 8 (1), 1−9.
(2) Yamamoto, M.; Shanmuganathan, M.; Hart, L.; Pai, N.; Britz-
Mckibbin, P. Metabolites 2021, 11 (4), 245.
(3) Coene, K. L. M.; Kluijtmans, L. A. J.; van der Heeft, E.; Engelke,
U. F. H.; de Boer, S.; Hoegen, B.; Kwast, H. J. T.; van de Vorst, M.;
Huigen, M. C. D. G.; Keularts, I. M. L. W.; Schreuder, M. F.; van
Karnebeek, C. D. M.; Wortmann, S. B.; de Vries, M. C.; Janssen, M.
C. H.; Gilissen, C.; Engel, J.; Wevers, R. A. J. Inherited Metab. Dis.
2018, 41 (3), 337−353.
(4) Jacob, M.; Lopata, A. L.; Dasouki, M.; Abdel Rahman, A. M.
Mass Spectrom. Rev. 2019, 38 (3), 221−238.
(5) You, X.; Jiang, W.; Lu, W.; Zhang, H.; Yu, T.; Tian, J.; Wen, S.;
Garcia-Manero, G.; Huang, P.; Hu, Y. Cancer Commun. 2019, 39 (1),
17.
(6) Yurkovich, J. T.; Zielinski, D. C.; Yang, L.; Paglia, G.; Rolfsson,
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