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ABSTRACT: We report that microdroplet hydrogen−deuterium exchange (HDX) detected
by desorption electrospray ionization mass spectrometry imaging (DESI-MSI) allows the
measurement of the acidity of a tissue sample. The integration of HDX and DESI-MSI has
been applied to visualize the acidic tumor microenvironment (TME). HDX-DESI-MSI enables
the simultaneous collection of regional pH variation and its corresponding in-depth
metabolomic changes. This technique is a cost-effective tool for providing insight into the
pH-dependent tumor metabolism heterogeneity.

■ INTRODUCTION

The pH of the tumor microenvironment (TME) plays a vital
role in cancer progression and malignancy.1,2 Cancer cells
undergo uncontrolled proliferation and survive in a more acidic
microenvironment. The acidity is attributed to metabolic
reprogramming through tuning the anaerobic glycolysis as the
major pathway to generate energy accompanied by excessive
lactic acid production.3 The acidic TME, in turn, favors cancer
cells to escape from immune surveillance by influencing the
normal functions of immune cells (e.g., T and NK cells).4 The
metabolic phenotype of cancer cells differs with varying pH.
This poses a need for probing the acidic TME and its
underlying metabolic heterogeneity.5

Currently, tissue pH is mainly measured by two means. One
is the use of microelectrodes at the ex vivo level. A
microelectrode made of various materials and sizes is inserted
into or mounted on the fresh tissue to measure the pH with a
precision of 0.01 unit and a spatial resolution of microns.6−8

Liquid electrolyte is required as the analytical medium. This
environment is not compatible with frozen tissue-based
metabolism studies involving imaging because of the
molecule’s dislocation in the solution.
The other tissue pH measurement mode is conducted in vivo

by imaging techniques including chemical exchange saturation
transfer magnetic resonance imaging (CEST-MRI), electron
paramagnetic resonance (EPR), and positron emission
tomography (PET).9,10 Compared to microelectrode detec-
tion, a less precise pH change in the living body can be
visualized with the aid of well-designed probes or contrast
agents at poorer spatial resolution. For both modes, the pH
selectivity can be guaranteed only by ruling out interference
from other molecules. Moreover, these other techniques for
visualizing pH fail to provide information on the associated
metabolites present in the tissue.

Desorption electrospray ionization mass spectrometry
imaging (DESI-MSI) has proved its practical value in clinical
cancer diagnosis and margin assessment for tumor resection
because of its advantage in covering a wide range of
metabolites in a label-free manner. A recent review of this
topic has been made by Eberlin and co-workers.11 In a DESI-
MSI experiment, the metabolites in a tissue section are
desorbed, ionized, and transported into a mass spectrometer by
charged solvent microdroplets.12 The ability of DESI-MSI to
provide a chemical map of tissue metabolites in a rapid manner
without sample pretreatment has encouraged its use. However,
to our knowledge, DESI-MSI has not been applied previously
to augment the chemical map with information about pH.
We succeed in achieving this goal by recording hydrogen−

deuterium exchange (HDX), which is known to depend on
pH.13 We accomplish this in addition to recording the mass
spectrum of the metabolites present in each picture element
(pixel) of the tissue that is interrogated. HDX is frequently
used for probing macromolecule configuration changes and
their interactions with each other or small molecules.14

Theoretical studies show the HDX process meets pseudo-
first-order kinetics and can be catalyzed by either acid or
base.13,15 The reaction rate behaves in a linear relation versus
pH within certain ranges, depending on specific functional
groups.13 In the past decade, various studies have shown that
chemical reactions can be significantly accelerated in micron-
sized droplets generated by electrospray or reactive DESI.16,17

This fact has already been exploited in HDX studies in aqueous
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microdroplets but without applying it to tissue imaging.18 In
this study, we combine HDX with chemical mapping by DESI-
MSI, which we call HDX-DESI-MSI, to understand better the
correlation between the presence of different metabolites and
its local pH environment.

■ EXPERIMENTAL SECTION

Sample Collection and Preparation. The whole
procedure of cancer cell line implantation and tumor collection
was strictly conducted in compliance with the ethical code of
animal laboratory medicine. Briefly, the LL/2 Lewis lung
carcinoma cell lines were first mixed with Matrigel and then
implanted into a C57BL/6 mouse as the xenograft tumor
model animal. After the tumor grew in size to a length of
approximately 6 mm and a width of 4 mm, the mouse was
euthanized to harvest the solid tumor. The collected tumor was
then flash frozen in the precooled container with dry ice. Then,
it was stored at −80 °C until use. The cryosections were
prepared at a thickness of 12 μm by Leica CM 1520 cryostat
(Leica Biosystem). Then, these adjacent tumor tissue sections
were used for HDX-DESI-MSI analysis and H&E staining as
the histological reference. It should be noted that the
procedure of soaking the tumor into OCT or formalin was

strictly avoided to well preserve the native tumor surface
microenvironment.

Simulative Sample Preparation. The filter paper was
first cut into 5 mm × 5 mm squares. Then, six replicates of
square paper were attached to a plastic strip (5 mm × 100
mm) by double-sided adhesive tape for sample loading. For
matrix influence investigation, the arginine solution (100 μM,
10 μL) was first spiked into the tumor tissue (0.2 mg/mL, 90
μL) homogenate that was adjusted to the same pH. Thereafter,
the homogenate solution was micropipetted onto the blank
paper test strips to form the dried tissue precipitate for HDX-
DESI-MSI analysis. For the accuracy and precision study, the
arginine solution (100 μM, 10 μL) was first spiked into urine
(40 μL, pH 6.65). Then, 5 μL of urine was micropipetted onto
the blank paper strips to form the dried urine spot (DUS). The
arginine’s HDX calibration curve was constructed by spiking
arginine solution (20 μM, pH 4.00, 5.00, 6.00, 7.00, and 8.00)
into the blank test strips. For choline’s HDX-DESI-MSI, the
choline stock solutions (50 μM, 5 μL) at a pH of 5.00, 5.50,
6.00, 6.50, 7.00, 7.50, and 8.00 were prepared and spiked onto
seven blank paper test strips.

HDX-DESI-MSI Data Acquisition. A custom-built DESI
and the air-flow-assisted DESI (AFA-DESI) were employed for

Figure 1. Measurement of pH-dependent hydrogen−deuterium exchange. (A) Hand-made paper test strips spiked with anthocyanin solutions at
different pH values. (B) The custom-built DESI setup and spraying solvent composition for HDX. (C) The isotope distribution patterns of
malvidin 3-galactoside after HDX; possible HDX sites are marked with red; (D) Dk/D0 ratio images of glucose. (E) Linear fitting of the HDX
percentage versus pH. The correlation coefficients of the five regression curves were 0.95 (D1/D0), 0.98 (D2/D0), 0.99 (D3/D0), 0.99 (D4/D0), and
1.00 (D5/D0).
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HDX and mass spectrometry imaging. The DESI and AFA-
DESI transport tube were both made of stainless steel. The
length of the tube for the regular DESI experiments was 100
mm, whereas the length of the tube for AFA-DESI was 500
mm under the pneumatic aid of a mechanic pump. More
details about the setup can be found in the literature.19,20

Methanol-D2O was used as the spray solvent with a flow rate at
2.0 μL/min, and the nebulizer gas pressure was at 1.4 MPa.
The ratio of D2O varied from 5% to 50%, depending on the
specific experiment. The impact angle between the sprayer and
section mounting stage was 56°. A high voltage of ±4.0 kV was
applied onto the sprayer to generate the charged microdroplets
to impact the tissue sections. The inlet capillary temperature
was set at 275 °C. The lens voltage was 60 V. Positive and
negative full MS scans were employed over the range of m/z
50−900. The automatic gain control (AGC) was locked off to
keep the scan rate constant. Gali tools (GALIL, Rocklin, CA)
were employed for driving the moving stage and triggering the
MS data acquisition. The lateral raster speed (in the X
direction) was 200 μm/s, and the interline interval (in the Y
direction) was set at 200 μm. The ion image construction and
PLS-DA analysis were conducted in Massimager (Chemmind
Technologies, Beijing, China).21,22 More details about the
reagents, materials, mode animals, and data processing can be
found in the Supporting Information.

■ RESULTS AND DISCUSSION

Experiments were conducted on a series of fabricated paper
test strips spiked with an equal amount of anthocyanin solution
(Figure 1A). Paper was employed as the testing medium to
simulate the tissue matrix. The pH of the solution was adjusted
at 3.0, 4.0, 5.0, 6.0, 7.0, and 8.0 monitored by an electronic pH
meter. A solution of methanol-D2O was spiked as the spraying
solvent in a custom-built DESI setup for a single-line scan of

the test strip (Figure 1B). All DESI scans were conducted after
the test paper was fully dried. As a result, the major natural
products had obvious isotope distribution pattern differences
in the serial test strip papers. For instance, the base peak of
malvidin 3-galactoside shifted from m/z 493.1341 (D0) to
496.1551 (D3), and the ratio of Dk (k = 1, 2, 3, 4, 5, 6) versus
D0 continued to rise as the pH changed from 3.0 to 7.0,
indicating the ongoing HDX in the phenolic hydroxyl group
(Figure 1C). However, malvidin 3-galactoside achieved a very
poor signal under pH 8.0 within the range of m/z 493 to 499.
This phenomenon was probably because of two reasons. First,
this analyte has a low ion efficiency under basic conditions.
Second, this pH indicator’s chemical structure has been
changed from phenol to quinone. This phenomenon also
reminds us that a regular pH indicator was not the optimal
choice for DESI-MSI-based pH probing because of its pH-
sensitive structural change and m/z shift. Nonetheless, this
result still demonstrated that, when the microdroplets impact a
tissue, the endogenous components of a local TME can be
reconstituted and the transient microdroplet HDX process can
be captured by DESI-MS. This result supports the contention
that HDX is sensitive to the acidity of a tissue as measured by
DESI-MSI.
Endogenous metabolites were further investigated, consid-

ering the exogenous pH indicator cannot be easily incorpo-
rated into the tissue. This time, the test strips spiked with
glucose solutions under different pH values were imagined by
DESI-MSI. Similar trends were also observed in the glucose’s
hydroxyl group (Figure S1). As shown Figure 1D, the intensity
ratio image of Dk (k = 1, 2, 3, 4, 5) versus D0 peak intensity
continued to increase as the pH rose from 3.0 to 8.0. The
fitting between the pH values (Y axis) and the average Dk/D0
ratios of the test strip pixels (X axis) achieves good linearity
(Figure 1E), demonstrating that DESI-MSI can visualize pH

Figure 2. Investigation of the factors that influence the HDX process. (A) Typical isotope distributions of asparagine, arginine, and glucose in the
pH 7.0 test strips acquired by HDX-DESI-MS. (B) The concentration dependence of the three metabolites’ HDX percentage. Each point in the bar
graph represents a metabolite-spiked test strip. The concentrations of each spiked metabolite solution ranged from 1 to 100 μM. (C) The influence
of heavy water percentage in the spraying solvent. (D) The impact of transport tube length for the HDX process.
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by means of HDX using an endogenous metabolite as the
native indicator.
The accuracy and precision of this HDX-DESI-MSI strategy

for determining pH were tested on arginine-spiked dried urine
spots with a known pH. It was estimated that the interscan
variation of the D1/D0 ratio ranged from 8.8% to 17% relative
standard deviation (RSD) (Figure S2 and Table S1). The pH
can be measured at the precision of ±0.2 unit (Figure S3 and
Table S2). Although this precision is just comparable to the in
vivo pH imaging technique and inferior to the ex vivo
measurement by microelectrodes, it is already sufficiently
precise to support the following pH-derived metabolomic
change studies, which are beyond the scope of the micro-
electrode method.
The influence of non-pH factors was also investigated,

including analyte concentration, heavy water ratio in the
spraying solvent, and transport tube length. The metabolites
containing representative functional groups were selected as
the model analytes including arginine (guanidine, amine,
carboxylic groups), asparagine (amide, amine, and carboxylic
groups), and glucose (hydroxyl group). Figure 2A shows that
the HDX pattern varies with the type of functional group. The
base peak of asparagine, arginine, and glucose under pH 7.0
was located at the D1, D3, and D2 mass peaks, respectively,
illustrating the direct influence of the functional group on the
HDX rates, probably due to its native basicity. According to a
previous report,13 the pKa of guanidine, amide, and hydroxyl
group in alcohol is around 13.4, 15.1, and 16.0, respectively,
meaning that arginine tends to have more of a chance of
yielding proton for exchange compared to asparagine and
glucose under the same D2O ratio. Therefore, it was necessary
to choose a suitable functional group for which the HDX
pattern should have a more sensitive response with varying pH
values than the solvent composition (D2O ratio).
We continued investigating the concentration influence on

the HDX extent of a metabolite. Dilution series of asparagine,
arginine, and glucose solutions (1, 2, 5, 10, 20, 50, and 100
μM) were prepared. Three aliquots of solution at equal
concentration were adjusted to a pH of 3.0, 5.0, and 7.0 by
acetic acid. After spiking the solutions above into serial blank
test paper strips and drying, they were scanned by the HDX-
DESI-MSI method. Analysis of variance (ANOVA) was
conducted to evaluate the concentration and pH influence
on HDX. As a result, it was shown that the significance (p
value) of pH-caused variation for asparagine, arginine, and
glucose was 0.0072, 0.0007, and 0.0001, respectively. In
contrast, the significance of concentration-caused variance was
0.063, 0.214, and 0.1736. Compared to pH-caused HDX
variation, there were no significant differences in Dn/D0 ratios
among metabolites when their concentrations varied within a
wide range (1−100 μM) (Table S3). As is shown in Figure 2B,
the average D1/D0 ratio variation caused by concentration was
no more than 15% (RSD). This variation did not exceed the
interscan precision and can be regarded as the normal
fluctuation. Through analysis of variance, it was shown that
pH was the more contributive factor in controlling the isotope
pattern than concentration. This result illustrates that the
influence of the metabolite’s concentration on the pH
measurement can be safely ignored, especially for glucose
compared to arginine and asparagine. In other words,
according to the fold change in D1/D0 between pH 7.0 and
3.0, the hydroxyl group should be more sensitive to pH than
concentration and thus can be used as the pH indicator.

In contrast with concentration, the D2O/CH3OH ratio in
the spraying solution played a more critical role in enhancing
the HDX process. The D1/D0 ratio was found to be greatly
elevated by introducing a higher proportion of D2O for
asparagine, arginine, or glucose (Figure 2C). Therefore, the
composition of the spraying solvent system should be strictly
controlled when conducting the DESI-MSI experiment to
avoid introducing measurement errors.
The transport tube length was also found to be an important

factor for influencing the microdroplet HDX reaction time. An
alternative DESI setup, namely, air-flow-assisted DESI (AFA-
DESI),19,20 was introduced to significantly improve the HDX%
caused by the assistance of pneumatic suction, and an extended
transport tube of up to 500 mm was used (the regular DESI
transport tube was 100 mm). There was a 2−4-fold increase
for choline’s HDX under AFA-DESI-MS compared to regular
DESI (Figure 2D).
In this study, the tissue pH measurement was conducted by

HDX-DESI with the paper-made test strip as the reference. An
important concern is how closely the metabolite’s HDX
patterns match what is observed using paper compared to that
using tissue. To resolve this matter, we investigated the matrix
influence on the HDX pattern on an arginine-spiked paper test
strip and dried homogenate tissue under pH tuned at 7.0.
From the point of absolute intensity, the arginine ion desorbed
from the tissue only reached approximately 2.0% of that in the
test paper, showing the competitive suppression from tissue
components. However, from the aspect of relative abundance
and peak ratios, the arginine-spiked paper achieved a similar
isotope pattern with that of arginine in the tissue (Figure S4).
The relative error of intensity ratios between these two samples
ranged from +1.8% to 12.8% for the Dk/D0 ratios (k = 1−5),
belonging to the 15% interscan variation estimated previously
(Table S4).
Paper is an ideal abiotic medium to imitate the tissue

environment due to its biocompatibility and native fiber
topological structure, which is quite similar to the extracellular
network scaffold for cell adhesion and growth.23 It has shown
promising values in biomedical engineering for culturing ex
vivo 3D cell clusters or even tumor spheroids and following ex
vivo drug tests.24,25 Through this study, it was demonstrated
that filter paper could serve as the ideal reference medium for
constructing the ex vivo tissue and evaluating the HDX
properties of metabolites in native tissues during DESI-MSI.
HDX-DESI-MSI was applied to investigate the acidic TME

in a real solid tumor that was collected from a xenografted
mouse (see the Supporting Information for more details).
Animal tissue collection was carried out in strict observance of
the ethical code of Peking Union Medical College. A variety of
the endogenous metabolites’ isotope peak clusters can be
successfully detected. Due to the differences in hydrogen-
contained functional groups, it was found that the D1/D0 peak
ratios of those metabolites containing amine, guanidine, or
carboxylic groups (e.g., spermine, taurine, creatine, arginine,
glutamate) did not vary as much across the whole tumor
section. In contrast, some metabolites that contain hydroxyl
groups (e.g., choline, carnitine, uric acid, xanthine, and
hypoxanthine) can ideally delineate the spatially resolved
HDX pattern variance across the tumor stroma, parenchyma,
and necrosis (Table S5).
Because choline was one of the most abundant and easily

ionizable metabolites for DESI detection, it was selected as a
pH-sensitive HDX indicator. As is shown in Figure 3, both
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choline (m/z 104.1067) and choline-d (m/z 105.1130) had
similar regional distributions, which reflected its native content
differences. When constructing the intensity ratio image of
choline-d versus choline, a clear variation can be observed
across the tumor. The majority of pixels’ HDX% was
distributed within 20−40%, whereas the maximum/minimum
HDX% ranged from 10% to 60% with the median around 30%
(Figure S5). To estimate the exact pH within different tumor
regions, a series of test papers were prepared by spiking with
the same concentration of choline solutions adjusted to
different pH values. After the test strips were sufficiently
dried, they were scanned by the HDX-DESI-MSI method to
obtain the choline’s HDX calibration curve. Finally, the tumor
pH image was plotted by inputting each pixel’s D1/D0 ratio
into the pH calibration curve (Figure S6). According to the
TME acidity, this solid tumor can be roughly divided into
three microregions with pH values of 6.4 ± 0.2, 6.8 ± 0.2, and
7.2 ± 0.2. This HDX-based imaging shows that the pH
variation exists not only among different histological regions
but also within the same microregion (Figure 4A), supporting
the tumor’s highly metabolic heterogeneity.26

To investigate the pH-guided metabolism heterogeneity, t-
stochastic neighboring embedded (t-SNE) clustering was
implemented according to the metabolic profile on the pixel
basis. Generally, the pixels of different pH values can be
separated according to the profile patterns, where there are
slight overlaps between each of the two pH regions (Figure
4B). Histologically, these overlapped pixels represent these
locations within the necrosis, parenchyma, or stroma but show
different acidities compared to the other pixels within the same
microregion. It is worth noting that the interface between the
stroma and parenchyma regions has become acidified from pH
7.2 ± 0.2 (outer sphere) to pH 6.8 ± 0.2 (inner sphere)
(Figure 5). This behavior probably hints at the further
expansion and invasion of cancer cells into its adjacent region

of relatively normal tissue. This result supports the field
cancerization effect, which refers to molecular changes
occurring in the region near the carcinoma.27

The relative expression levels of some frequently seen acidic
metabolites were investigated among the three microregions
that have different pH values. Using the rank-sum test on the
pixel basis, nine representative metabolites were highlighted
with statistical significance. Two acidic amino acids, sulfonic
acid, and fatty acids mainly contribute to regional acidity

Figure 3. Visualization of the acidic TME by HDX-DESI-MSI. (A)
H&E staining image of a solid tumor tissue section. The scale denotes
10 mm. (B) Structure of choline and deuterated choline. (C) Images
of choline, choline-d, their ion intensity ratios, and corresponding pH
values. (D) MS spectra of choline isotope ion distribution from three
representative pixels.

Figure 4. Images of the acidic TME and contributive acidic species.
(A) Histology-based and pH-range-based segmentation results. (B)
Metabolic profile-based pixel clustering by t-SNE. (C) The major
acidic metabolites that contributed to the acidic TME.

Figure 5. pH-dependent metabolic heterogeneity within the stroma
region: (A) different pH subregions displayed by overlapped images;
(B) pixels of two subregions separated by orthogonal partial least-
squares-discriminant analysis (OPLS-DA).
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(Figure 4C). Furthermore, the pH-dependent differential
metabolism pathways between the acidified stroma/parenchy-
ma interface were investigated through multivariate statistics
and pathway enrichment analysis. The discriminated metabo-
lites in the acidic stroma region involved in the biosynthesis of
aminoacyl-tRNA, unsaturated fatty acids, arginine, aromatic
amino acids, etc., were found (Figure S7 and Table S6),
indicating how the TME prepares for cancer cell proliferation.
In summary, HDX-DESI-MSI provides additional pH

information for these tissue microregions that have seemingly
close molecular profiles or histological patterns. Thus,
information about the pH-dependent metabolic heterogeneity
can be easily gained by this technique and helps to evaluate the
tumor progression.28 In contrast, this information cannot be
accessed by either conventional DESI-MSI or histological
diagnosis. This proof-of-concept study on a solid tumor has
shown that HDX-DESI-MSI can simultaneously provide
knowledge of a tissue’s pH variation and associated
metabolomic changes. The current pH precision of this
technique meets the basic requirement of an acidic TME
study. HDX-DESI-MSI gains more information underlying the
pH compared to the microelectrode method, which offers
more precise pH values but without associated metabolite
identification.

■ CONCLUSIONS
We have shown that the transient HDX of metabolites in tissue
sections can be easily realized and observed by DESI-MSI
through the incorporation of D2O in the spraying solvent. The
HDX extent of a metabolite is highly dependent on the local
pH and thus can be used to characterize the acidic TME. The
species that carries a hydroxyl group has the most various
HDX response and can be employed as the HDX-based pH
indicator. The HDX-DESI-MSI method provides the technical
support to study pH-driven tumor metabolic heterogeneity,
which is a significant indicator of cancer progression and
invasion.
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