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Abstract Matrix effect from various constituents in bio-
logical samples can reduce the accuracy of quantitative
metabolomics. Differential chemical isotope labeling liquid
chromatography mass spectrometry (MS) can overcome
the matrix effect on MS detection based on measuring the
intensity ratios of metabolite peak pairs detected in a
mixture of a light-isotope labeled sample and a heavy-
isotope labeled reference sample. However, the chemical
labeling process itself may encounter matrix effect which
can influence the overall quantitative results. In this work,
we report the effects of salts and buffers commonly present
in metabolomic samples on dansylation labeling. It is
shown that high concentrations of NaCl and phosphate
buffer (>50 mM) or PBS can reduce or enhance the
labeling efficiencies of metabolites. By maintaining similar
matrix contents in an individual sample versus a reference
sample, relative quantification of metabolites can be per-
formed without compromising the metabolomic profiling
results. For samples containing varying amounts of high
salts such as urine, we demonstrate that the matrix effect
can be largely overcome by diluting the original sample
before dansylation labeling (e.g., fourfold dilution for
urine).
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1 Introduction

Chemical isotope labeling liquid chromatography mass
spectrometry (CIL LC-MS) is an enabling analytical
platform for generating comprehensive and quantitative
metabolomic profiles for metabolomics research (Guo and
Li 2009). Using a proper labeling reagent to react with a
class of metabolites (e.g., all amine-containing metabo-
lites), a chemical-group-based submetabolome can be
analyzed with improved LC separation and enhanced MS
sensitivity to generate a comprehensive profile of the
submetabolome (Guo and Li 2009, 2010). By combining
the results of different submetabolomes generated using
labeling reagents targeting different chemical groups, a
large coverage of the entire metabolome may be achieved
(Fu et al. 2013). A growing number of CIL reagents have
been developed for targeted metabolite analysis or group-
based submetabolome profiling (Tang and Guengerich
2010; Yuan et al. 2011; Toyo’oka 2012; Dai et al. 2012;
Tayyari et al. 2013; Leng et al. 2013; Bueschl et al. 2013;
Bruheim et al. 2013; Ulbrich et al. 2014; Liu et al. 2014;
Hao et al. 2015).

For quantitative metabolomics, CIL LC-MS is per-
formed using differential isotope labeling of individual
samples (e.g., labeled with '*C-reagent) and their control
(e.g., labeled with '’C-reagent), which overcomes the
problems of matrix effect and ion suppression associated
with MS detection (Guo and Li 2009, 2010). However,
matrix compositions of individual samples such as the salt
and buffer contents may be different from sample to
sample or batch to batch. While it is important to control
the sample collection and sample preparation steps prop-
erly for quantitative metabolomics, differences in sample
matrix are unavoidable due to inherent variations of sample
matrix such as salt contents in a biofluid (e.g., urine and
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sweat) and logistical consideration in real world applica-
tions. An example of the latter is that samples may be
collected at different centers or time under somewhat dif-
ferent conditions such as using different additives (buffers,
EDTA, etc.). By necessity, one may want to profile these
samples for improving the overall performance of a
metabolomics study (e.g., using samples from different
centers for biomarker validation after the initial work of
disease biomarker discovery using a well-controlled sam-
ple set) (Dane et al. 2014). In another situation, valuable
samples that have been subjected to NMR analysis may be
re-used for MS-based profiling (Beltran et al. 2012). The
NMR samples with the addition of phosphate buffer (PB)
or phosphate buffer saline (PBS) that is used for controlling
pH and ionic strength to minimize the chemical shift
changes (Lauridsen et al. 2007; Asiago et al. 2008; Xiao
et al. 2009; Akira et al. 2012) would obviously have dif-
ferent matrices from those of other untreated samples.

In this work, we report the presence of matrix effect on
chemical labeling in a dansylation isotope labeling LC-MS
metabolomic profiling workflow. We illustrate that meta-
bolomic profiles of urine samples with and without the
presence of high concentrations of NaCl, PB or PBS pro-
duced by dansylation LC-MS can be different. While
matrix effect on LC-MS analysis can be overcome by
differential CIL, this work points out the importance of
using similar sample matrix for chemical labeling to
maintain similar labeling efficiencies of individual
metabolites in comparative metabolomics. We also
demonstrate that for samples with varying concentrations
of salts such as urine samples, simply diluting the samples
to reduce the salt concentration prior to chemical labeling
can overcome the matrix effect.

2 Materials and methods
2.1 Urine sample collection

Urine samples were collected from five age-matched
healthy mice. Equal volumes of the five individual samples
were mixed together to make a pooled sample. After
sample collection, the urine samples were immediately
stored in —80 °C freezer for further use.

2.2 Dansylation labeling

Supplemental Note N1 provides information on the chem-
ical and reagents used. The frozen urine samples were
thawed in an ice-bath and then centrifuged at 14,000 rpm
for 15 min. 12.5 pL supernatant was taken into an Eppen-
dorf tube and totally dried using a Speed Vac. The sample
was re-dissolved to 50 pL with water or a specific matrix
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solution. Then 25 pL of 250 mM sodium carbonate/sodium
bicarbonate buffer and 25 pL. of ACN were added into the
sample. The solution was vortexed, spun down, and mixed
with 50 pL of freshly prepared '*C-dansyl chloride solution
in ACN (18 mg/mL) (for light labeling) or '*C-dansyl
chloride solution (18 mg/mL) (for heavy labeling). After
45 min incubation at 40 °C, 10 pL of 250 mM NaOH was
added to the reaction mixture to quench the excess dansyl
chloride. The solution was then incubated at 40 °C for
another 10 min. Finally, formic acid (425 mM) in 50/50
ACN/H,O was added to consume excess NaOH and to
make the solution acidic. The '*C- or '*C-labeled sample
was centrifuged at 14,000 rpm for 10 min before injecting
onto LC-UV for quantification (Wu and Li 2012) (see
Supplemental Note N1). For LC-MS analysis, the '*C- and
13C-labeled samples were mixed in equal amounts based on
the LC-UV quantification results.

2.3 LC-FTICR-MS

LC-MS was performed using an Agilent 1100 series binary
system (Agilent, Palo Alto, CA) with an Agilent reversed
phase Eclipse Plus C18 column (2.1 mm x 100 mm,
1.8 pm particle size, 95 A pore size) that is connected to a
Bruker 9.4 Tesla Apex-Qe Fourier transform ion-cyclotron
resonance (FTICR) mass spectrometer (Bruker, Billerica,
MA, USA) with electrospray ionization. All the MS mea-
surements were done using positive ion mode. Supple-
mental Note N1 provides more information about the LC—
MS conditions used. To monitor the instrumental perfor-
mance, a quality control sample (i.e., a differentially labeled
urine sample) was injected every 1012 sample injections.

2.4 Data analysis

The LC-MS data are available from MetaboLights (www.
ebi.ac.uk/metabolights/) (accession number MTBLS194).
The '>C/'°C peak pairs were extracted by the IsoMS
software reported (Zhou et al. 2014). IsoMS-Align was
used to align the peak pair data from different samples by
retention time and accurate mass (Zhou et al. 2014). The
missing values were filled back by using the Zero-fill
program (Huan and Li 2015). Multivariate statistical
analysis was carried out using SIMCA-P+ 12 (Umetrics
AB, Umea, Sweden).

3 Results and discussion
3.1 Matrix effect on CIL

Differential CIL LC-MS provides relative quantification of
metabolites in a sample versus a control of similar type
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(e.g., an individual urine vs. a pooled urine) or absolute
quantification of metabolites in a sample versus a list of
standards with known concentrations. When the sample
matrices are not identical, matrix effect during the labeling
process may occur, which could decrease the quantification
accuracy. To examine the matrix effect on dansylation
labeling which targets the amine/phenol submetabolome,
we analyzed five individual mouse urine samples and a
pooled sample in triplicates. For each sample, 12.5 pL of
sample were dried and then re-dissolved in 50 pL of PBS
or water. The individual samples were separately labeled
by '*C-dansylation and the pooled sample was labeled by
3C-dansylation. Note that the concentration of dansyl
chloride which was in excess was kept the same for
labeling samples; we did not investigate how different
concentrations of dansyl chloride affect the labeling effi-
ciency of a sample containing different concentrations of
salts or buffers. In CIL LC-MS, as long as the labeling
efficiency is consistent for labeling the samples and the
pool, relative quantification can be performed without
much error. The total metabolite concentrations of the
labeled samples were measured by LC-UV for sample
amount normalization before mixing.

Figure 1 shows the LC-UV measurement results where
the peak area was determined from a chromatographic
peak of all the dansyl labeled metabolites eluted by using
high organic solvent in a step-gradient LC chromatogram.
The concentration of the five urine samples could differ
by as much as fivefold (sample #2 vs. sample #5). How-
ever, the total concentration of labeled metabolites is not
affected by the presence or absence of PBS. Based on the
LC-UV results alone, we could not detect any significant
matrix effect on labeling. To normalize the sample
amount for LC-MS analysis, equal amounts of a labeled
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Fig. 1 LC-UV quantification of the total concentration of labeled
metabolites in five mouse urine samples re-dissolved in water and
PBS

sample and a labeled pooled sample were mixed. The
same amount of the mixtures was injected into LC-MS for
all samples. The intensity ratio of the '*C-/'’C-labeled
peaks from a metabolite peak pair in mass spectra was
measured and entered into a metabolite-intensity table for
the samples and all the metabolite peak pairs. Since the
same pooled sample was used as a reference for all the
individual samples, the peak ratios found in the table for a
given metabolite reflect the relative concentration differ-
ences of the metabolite in these samples. This is the basis
of quantitative metabolomics using differential CIL LC-
MS.

For the triplicate analyses of five urine samples, a total
of 1662 peak pairs or putative metabolites were detected.
We applied partial least squares discriminant analysis
(PLS-DA) and orthogonal projections to latent structures
discriminant analysis (OPLS-DA) to these data to study the
metabolomic changes. Figure 2 shows the score plots. As
Fig. 2 shows, there is a significant difference among the
mixtures of urine re-dissolved in PBS labeled by '*C-
dansylation and the pooled urine re-dissolved in H,O
labeled by '’C-dansylation (denoted as the PBS/H,O
group), '“C-urine in H,O and '*C-pooled-urine in PBS
(i.e., H,O/PBS group), and 2C_urine in H,O and B
pooled-urine in H,O (i.e., H;O/H,O group). The PBS/H,O
group and the H,O/PBS group are clearly separated from
the H,O/H,O group.

At the individual metabolite ratio level, taking urine #1
as an example, out of 1622 peak pairs detected, 402 pairs in
PBS have peak ratios decreased by more than 15 %, com-
pared to those in H,O, while 396 pairs have ratios increased
by more than 15 % (see Supplemental Figure S1 for the
peak pair number distribution as a function of the peak
ratios). Figure 3 shows four representative metabolites as
an example to illustrate the matrix effect on labeling effi-
ciency. Supplemental Table T1 shows the p values from
T test of the peak ratios found in a given matrix group versus
the H,O/H,O group. The labeling efficiency of creatine was
slightly increased in PBS, resulting in higher PBS/H,O ratio
and lower H,O/PBS ratio. In contrast, labeling of leucine,
lysine and tyrosine was suppressed by the PBS matrix.
Because labeling efficiency of individual metabolites may
increase or decrease, the total concentration of labeled
metabolites was not affected by the presence of PBS as
shown in Fig. 1.

The results of PLS-DA and OPLS-DA plots and indi-
vidual peak ratios clearly demonstrate that there was a
matrix effect during the dansylation labeling process
caused by the presence of PBS in a sample. Figure 2 also
shows that the H,O/H,O group and the PBS/PBS group are
overlapped on the score plots. The peak ratios of the four
metabolites shown in Fig. 3 are similar for the two groups.
These results indicate that, while there was a matrix effect,
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Fig. 2 a PLS-DA and b OPLS- A
DA score plots of dansylation A PBS/PBS
LC-MS data obtained from five S0 ¢ PBS/H20
12C—dansylated mouse urine e H20/PBS
samples mixed with a '*C- 40 -
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the relative quantification results of metabolites was not
affected if the individual samples and the pooled sample

had the same or similar matrix.
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To confirm the presence of matrix effect and investigate

how it can influence absolute metabolite quantification, we
chose tyrosine, which had a 39 % peak ratio decrease in
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PBS, to generate standard addition curves. In this case,
12.5 pL of urine #1 was dried and re-dissolved to 50 pL
using either PBS or water spiked with 1, 2, 3 and 4 uM
tyrosine standard solutions. The samples were separately
labeled, followed by LC—MS analysis. The area of dansyl-
tyrosine peak (m/z 324.5953) was measured and plotted
as a function of the concentration of spiked tyrosine.
Figure 4a shows two standard addition curves for urine in
PBS and water, respectively. There was a matrix effect on
the labeling of tyrosine, causing a 35 % decrease in
labeling efficiency. However, the same absolute concen-
tration (2.16-2.17 pM) was found from the two curves. It
is clear that there was a matrix effect on metabolite
quantification which could be overcome by the standard
addition method.

3.2 Origin of the matrix effect

To find a way to minimize the matrix effect on CIL, it is
important to understand the origin and possible mechanism
of this phenomenon. PBS solution contains 10 mM PB,
137 mM NaCl and 2.7 mM KCI. At first, we wanted to
study PB and NaCl individually to see which one of them
mostly contributes to the matrix effect in PBS. Because of
the interest of performing MS analysis of the same sample
already subjected to NMR measurement in our future
research, we also examined the effect of a higher concen-
tration PB, i.e., 50 mM. It should be noted that, using the
tube-in-tube method (Tukiainen et al. 2008; Salek et al.
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Fig. 4 a Standard addition curves for tyrosine in mouse urine labeled
in water and PBS. b Comparison of relative intensities of tyrosine
labeled in different matrices
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2011; Glaves et al. 2014), no isotopic solvent needs to be
added to the NMR sample and thus the sample, albeit
containing high salt or buffer, can be readily transferred for
MS analysis without any interference caused by the isotope
solvent. Finally, 8 mM EDTA, which is approximately the
final concentration of anticoagulant used in plasma, was
also added to the list to examine its effect on labeling
efficiency.

In our experiments, we dissolved tyrosine separately in
water, 10 and 50 mM PB, 140 and 350 mM NaCl, and
8 mM EDTA, followed by labeling with '*C-dansyl chlo-
ride and then 1:1 mixing with tyrosine in water labeled by
3C-dansyl chloride. Note that dansyl chloride is highly
soluble in acetonitrile or in a mixture of water and ace-
tonitrile. As we increased the salt or buffer concentration in
the dansyl chloride solution, we did not observe any pre-
cipitation. Thus the presence of varying concentrations of
salts or buffers in the sample did not change the solubility
of dansyl chloride. The peak pair ratios of tyrosine were
calculated after LC-MS analysis and the results are shown
in Fig. 4b. Supplemental Table T2 shows the p values from
T test of the peak ratios found in a given matrix versus
H,0. As Fig. 4b shows, 140 mM NaCl has a larger effect
on labeling efficiency, compared to 10 mM PB. The matrix
effect of 50 mM PB is similar to that of 140 mM NaCl.
More significantly, the tyrosine labeling efficiency in
350 mM NaCl solution is greatly reduced. In addition,
8 mM EDTA also causes matrix effect on tyrosine labeling
to an extent similar to 50 mM PB or 140 mM NaCl.

Although keeping the alkaline environment is crucial for
the dansylation reaction (Guo and Li 2009), no significant
pH change of the reaction mixture was observed for these
samples. Hence, the buffering property of PBS or PB was
not the reason causing the matrix effect. Considering the
results of the two NaCl samples (140 vs. 350 mM), we
argue that increasing ionic strength in the labeling solution
by high concentration of salts might be the main cause of
the matrix effect. In the case of phosphate buffer, since
HPO,?~ carries two charges, the ionic strength of PB
should be higher than NaCl solution at the same concen-
tration. However, the concentration of Na,HPO,/KH,PO,
in PBS is much lower than NaCl. Therefore, the matrix
effect of PBS could be considered mainly as the matrix
effect of the salt. The 8 mM EDTA solution contains only
16 mM Nat, but the matrix effect was also observed. This
could be the effect of EDTA anion, which carries more
charges than sodium cation.

To further examine how salt content or ionic strength
can affect the labeling reaction, we dissolved a mixture of
equal amounts of 16 amino acid standards in NaCl solution
at a concentration ranging from 0 to 650 mM. When the
salt concentration increased to 750 mM, acetonitrile and
water could be separated into two layers by centrifuging.
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This is because the salt ions weaken the interaction
between water molecules and acetonitrile molecules and
change the solvent into an emulsion. This layer separation
should be avoided for carrying out the labeling reaction.
The amino acid mixture dissolved in different concentra-
tions of NaCl was separately labeled by '*C-dansyl chlo-
ride and then 1:1 mixed with a control standard labeled
with '*C-dansyl chloride in water. The peak pair ratios
were calculated and plotted against the concentration of
NaCl and the results are shown in Fig. 5. As Fig. 5 shows,
the 16 amino acids have different responses to the
increasing salt concentration. The eight relatively hydro-
philic dansyl-amino acids (Fig. 5a, b) have less effect by
increasing NaCl concentration. However, the peak pair
ratios of the relatively hydrophobic dansyl-amino acids
except dansyl-cystine decrease significantly as the salt
concentration increases (Fig. Sc, d). For example, the peak
pair ratio of dansyl-tyrosine in 650 mM NacCl is only about
24 % of the ratio determined in water.

The fact that relatively hydrophobic amino acids are
more sensitive to the salt matrix supports our hypothesis on
the role of ionic strength on matrix effect. Carta and Tola
reported the solubility of glycine, leucine, cystine and
tyrosine in aqueous solution at different NaCl concentra-
tions (Carta and Tola 1996). As the NaCl concentration
increases, the solubility of cystine increases, while the
solubility of leucine and tyrosine decreases. Glycine solu-
bility is not affected by the salt. Our results of matrix effect
on the hydrophobic amino acids follow a similar trend.
Dansylation reaction between dansyl chloride and an
amine-containing metabolite is initiated by nucleophilic
attack of the amine to the dansyl sulfide. An intermediate
or ion pair of dansyl and chloride is formed, followed by
substitution of chloride by the amine (see Supplemental
Figure S2). Ionic strength can influence the nucleophilic
attack. Any ionic species from a matrix that surround the
dansyl moiety may reduce or enhance the propensity of the
amine to interact with dansyl to form a product, resulted in
an decrease or increase in labeling efficiency. For amino
acids with hydrophobic side chains, increasing ionic
strength makes them more difficult to interact with the
dansyl moiety, which reduces the dansylation efficiency.

3.3 Minimizing the matrix effect on metabolomic
profiling

From the above results and discussion, it is apparent that
high salts in various forms such as NaCl, PB or PBS can
cause matrix effect on dansylation labeling. PB or PBS is
introduced during sample preparation for various reasons.
On the other hand, salts such as NaCl are inherently present
at high concentrations in several biofluids such as urine and
sweat. The salt concentration can vary from sample to
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sample. For example, in the study of urine sodium excre-
tion trend between 1988 and 2010 among U.S. adults (age
20-59 years) (Pfeiffer et al. 2014), the urine sodium con-
centrations in spot urine specimens were reported to be
111 mM (mean) with 22.8 mM at 5th percentiles, 103 mM
at 50th percentiles, and 221 mM at 95th percentiles for
1249 adults collected between 1988 and 1994. Slight
increases in urine sodium concentrations were found for
1235 adults collected between 2003 and 2006 and 525
adults in 2010. The potassium concentrations in human
urine are less than 1/3 of the sodium levels (Donfrancesco
et al. 2013) and other metal ions concentrations are even
lower (Sieniawska et al. 2012). For mouse urine samples,
the sodium concentration can range from ~40 to
~150 mM and the potassium concentrations can range
from ~ 150 to ~500 mM, depending on the diet and age
(Schmidt et al. 2013).

To examine how the salt contents can affect the meta-
bolomic profiling, we selected one mouse urine and then
diluted by fivefold using different concentrations of NaCl
solutions (50, 150, 250 and 350). All these urine samples
were labeled by '*C-dansyl chloride and then mixed with a
control sample diluted by water which was '*C-dansylated.
After LC-MS analysis, 1294 peak pairs or putative
metabolites were detected. Figure 6a shows the PLS-DA

Concentration of NaCl (mM)

score plot of the samples. There is a positive correlation
between the salt concentration and the matrix effect. The
higher the salt concentration, the further the data points
separated from the sample diluted by water. After adding
the results from the un-diluted sample to the plot, Fig. 6b
shows the new plot. The samples diluted by water, 50 mM
NaCl, 150 mM NaCl cluster together. The samples diluted
by 250 and 350 mM are clearly separated from the other
diluted samples. The undiluted urine is significantly dif-
ferent from the fivefold water diluted sample. These results
indicate that the high salt concentration in the original
urine had a strong matrix effect. After fivefold dilution
using water or low salt solution (50 mM), the matrix effect
is greatly reduced or eliminated. Therefore, a dilute-then-
label approach can be used to overcome the matrix effect
on the CIL of biofluid samples. Figure 6a, b indicates that
the presence of 50 mM NaCl in the urine samples does not
cause significant matrix effect. This result is consistent
with the data shown in Fig. 5 where the peak ratios of most
of the labeled metabolites do not differ significantly
between the water and 50 mM NaCl samples.

The effects of varying concentrations of PBS were also
examined. Similar trend to those of NaCl samples was
observed for these samples (see Fig. 6¢). The samples
labeled in fourfold diluted PBS (2.5 mM phosphate buffer
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Fig. 6 a PLS-DA score plot for
fivefold diluted urine #1 labeled
in water (red) and NaCl
solutions (50 mM in orange,
150 mM in yellow, 250 mM in
green, and 350 mM in blue).

b PLS-DA score plot for the
comparison of an undiluted
urine sample labeled with
dansylation (black) and fivefold
diluted urine samples labeled in
water and NaCl solutions. The
injection amount for all the
samples based on LC-UV
measurement was the same.

¢ PLS-DA score plot for the
comparison of fourfold diluted
urine #1 labeled at different
concentrations of PBS solution
(e.g., 25 % PBS refers to
fourfold dilution of the PBS
solution). For each sample, five
experimental replicates were
performed in a and b, while
three experimental replicates
were performed in ¢
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and 35 mM NaCl) are inseparable from the water-diluted
samples as shown in Fig. 6¢c. As the PBS concentration
increases, the matrix effect becomes more significant.
These results suggest that, for an NMR sample containing
high concentration of PBS, we can simply dilute it to
minimize the matrix effect on CIL LC-MS.

4 Concluding remarks

We demonstrated the presence of matrix effect on chemical
labeling that could affect the quantitative metabolomic
profiling results in CIL LC-MS. Relative metabolite
quantification in differential CIL LC-MS was not affected,
if the same or similar matrix was present in comparative
metabolomic samples. Because matrix effect is only pre-
sent when the salt or buffer concentration is very high such
as in some urine samples, the simplest way to minimize the
influence of matrix effect on quantitative metabolomic
profiling is to dilute all the samples by a specific fold (e.g.,
fourfold or fivefold for urine samples). Over-dilution is not
recommended as it can increase the time required for
concentrating the labeled samples in downstream process-
ing. For different types of biofluids as well as different
labeling chemistries, matrix effect on the chemical labeling
process might be different and thus examining the matrix
effect should be part of the protocol development for CIL
LC-MS based metabolomics.
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