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RATIONALE: Ultra-high-performance liquid chromatography coupled with electrospray ionization mass spectrometry
(UPLC/ESI-MS) has been frequently used for chemical analysis. A redox reaction in the ESI source has been observed
during the ionization process. However, it is still unclear whether this redox reaction can take place on UPLC columns.
METHODS: In this study, the oxidation reactions potentially occurring on UPLC columns were investigated using poly-
phenols including baicalin, baicalein, propyl gallate (PG), quercetin-3-rhamnoside (QR), rutin, naringin and 2,3,5,4’-
tetrahydroxystilbene-2-Ο-β-D-glucoside (THS-G) as model compounds. The on-column oxidation reaction was
ascertained by post-column infusion of antioxidants such as ammonium sulfide ((NH4)2S). The oxidized products were
reduced to their parent forms in the ESI source. This on-column oxidation reaction was further confirmed by means of
post-column infusion of baicalin solution.
RESULTS: On-column oxidation reactions were observed and confirmed for baicalin, baicalein, PG, rutin, and QR. The
exact reaction site was located at the outlet frits of the UPLC columns. (NH4)2S was proved to be the most suitable
reducing agent among the tested antioxidants for eliminating negative effects caused by on-column oxidation reaction.
It was subsequently proposed to be an efficient additive to suppress oxidation reactions in the ESI source.
CONCLUSIONS: Oxidation reactions can take place at the outlet frits of UPLC columns. Ascertaining on-column
oxidation reactions and consequently eliminating relevant negative effects are of great interest for determination of
oxidation-sensitive compounds such as polyphenols. Copyright © 2015 John Wiley & Sons, Ltd.

(wileyonlinelibrary.com) DOI: 10.1002/rcm.7291
Ultra-high-performance liquid chromatography coupled with
mass spectrometry (UPLC/MS) has been widely used to
determine a variety of compounds in various complex samples
due to its capability of high throughput and exceptional
sensitivity and selectivity.[1,2] However, this highly efficient
and versatile instrument is not flawless. For instance, potential
interference caused by phase II metabolites could impair the
reliability of the analysis.[3] A much more serious issue
concerning UPLC/MS and LC/MS was the redox reaction
potentially occurring in the electrospray ionization (ESI)
source,[4] which could damage analytes and consequently
affect analytical results.[5,6] Previous studies have reported
such redox reactions occurring in an ESI source.[7–10] It is easy
to understand that compounds with relatively low redox
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potential can be oxidized in a positive ESI source and those
with relatively high redox potential could be reduced in a
negative ESI source.[11] Redox reactions taking place in the
ESI source have been well studied in terms of mechanisms,
theories, and applications.[12,13] For instance, the redox reaction
in the ESI source was often used for the determination of
haloquinones that could not be directly ionized by ESI-MS.[14–16]

However, the redox reaction may take place not only in the
ESI source, but also on UPLC columns.

Chemical reactions (e.g., degradation of analytes) occurring
on LC columns have been reported by some studies
concerning degradation and/or deconjugation of polymers,
biomacromolecules, and covalently bonded colloidal assemblies
on size-exclusion chromatography (SEC) columns.[17–22] In
1984, Barth and Carlin comprehensively reviewed the studies
focusing on degradation of macromolecules on SEC columns.[23]

Striegel et al. confirmed the degradation of the polysaccharide
alternan on SEC columns.[18] Degradation of macromolecules
on LC columns is very complex and has not been sufficiently
studied yet. It has been found that the scission of macromolecule
chains was caused by two kinds of forces, the shear force and
the extensional force. Both forces can be produced in LC
systems.[24] In the study of Uliyanchenkoa et al., column frits
were considered to be the main sources of the degradation of
Copyright © 2015 John Wiley & Sons, Ltd.

3



C. M. Tang et al.

1864
polymers on UPLC columns.[24] However, column frits were
reported to make only a secondary contribution, or no
contribution at all, to polymer degradation on LC columns
when the frit radius is bigger than or equal to the hydraulic
radius of the column.[25]

Chemical reactions of small-molecule analytes taking
place on HPLC columns have been rarely reported so far.
Dithiocarbamates were found to readily chelate with metal
components on HPLC columns. This chelation was possibly
in association with the stainless steel frits.[26,27] Dimerization
and nitrosation of amines occurring on HPLC columns
have been reported when using high-pH mobile phases
containing ammonium hydroxide and acetonitrile (ACN) for
separation.[28,29]

A redox (oxidation) reaction occurring on UPLC columns
may negatively affect analysis of compounds that are
susceptible to oxidation, such as polyphenolic compounds.
Thus, it is necessary to ascertain the redox (oxidation)
reaction occurring on UPLC columns and consequently find
effective treatment to eliminate the negative effects. In addition,
exploration of the exact site(s) and possible mechanisms of
the oxidation reaction is also worthwhile. Nonetheless, redox
reactions on UPLC columns have not been reported in literature
to date.
Recently, we unintentionally observed an oxidation reaction

during the instrumental analysis of polyphenolic compounds
using UPLC/ESI-MS, and then suspected it might occur on
the UPLC columns. Thereafter, a comprehensive study was
performed to investigate whether the oxidation reaction could
occur on UPLC columns. Seven polyphenols, including
baicalin, baicalein, propyl gallate (PG), quercetin-3-
rhamnoside (QR), rutin, naringin and 2,3,5,4’-tetrahydroxy-
stilbene-2-Ο-β-D-glucoside (THS-G), were chosen as model
compounds. On-column oxidation was ascertained and con-
firmed through post-column infusion and quadrupole time-
of-flight (QTOF) high-resolution mass spectrometry (HRMS).
Precautions and possible solutions were further proposed to
eliminate negative effects caused by on-column oxidation
reactions.
EXPERIMENTAL

Chemicals and materials

Standards baicalin (purity ≥98%), baicalein (purity ≥98%),
rutin (purity ≥98%), QR (purity ≥99%), naringin (purity
≥99%) and THS-G (purity ≥98%) were purchased from
Nature-Standard Corporation (Shanghai, China). The
structures and other information about these compounds
are provided in Supplementary Table S1 (see Supporting
Information). Antioxidants (NH4)2S (S% ≥ 8%), ascorbic acid
(VC, analytical reagent grade), formaldehyde (analytical
reagent grade) were bought from Guangzhou Chemical
Reagent Co., Ltd (Guangzhou, China). Hydroquinone (purity
≥99%), o-phenylenediamine (purity: 99.5%), resorcinol
(purity: 99%), phloroglucinol (purity ≥99%), and formic acid
(FA) were obtained from Sigma-Aldrich Corp. (St. Louis,
MO, USA). PG (purity: 99%), catechol (purity: 98.5%) and
dopamine hydrochloride (purity: 98.6%) were purchased
from Dr. Ehrenstorfer (Augsburg, Germany). HPLC grade
methanol (MeOH) and acetonitrile (ACN) were purchased
wileyonlinelibrary.com/journal/rcm Copyright © 2015 John Wile
from Merck Corp. (Darmstadt, Germany). Ultrapure water
(electrical resistivity: 18.2 MΩcm) was prepared with a water
purification system from Millipore Corporation (Bellerica,
MA, USA).

Instrumentation

The UPLC/MS system consisted of an Acquity™ Waters
UPLC system and a Synapt QTOF mass spectrometer (Waters
Corp., Manchester, UK). The syringe pump was purchased
from Harvard Apparatus (Harvard Pump 11 Plus, Holliston,
MA, USA).

Preparation of solutions

Each standard was accurately weighed and dissolved in
MeOH to obtain a stock solution of 1.00 mg/mL. Working
solutions of 1.00 μg/mL were further prepared by diluting
the stock solutions with MeOH/H2O (1:1, v/v). All solutions
were kept at 4°C in a refrigerator prior to use.

Each antioxidant was accurately weighed and dissolved in
ultrapure water to obtain a target concentration of 10 mM,
except (NH4)2S of which the co cncentration was 1.7 mM. A
baicalin solution (20.0 ng/mL) used for post-column infusion
experiment was prepared by diluting the baicalin solution of
1.00 μg/mL with ultrapure water.

UPLC/MS working conditions

Mobile phase A was ultra-pure water containing 0.1% FA,
and mobile phase B was ACN. Separation was mainly
performed on a Waters BEH C18 UPLC column (2.1 × 50 mm,
1.7 μm; Waters, Milford, MA, USA), a Waters HSS T3 column
(2.1 × 100 mm, 1.8 μm) and a Waters CSH C18 UPLC column
(2.1 × 100 mm, 1.7 μm). Other UPLC columns such as aWaters
CSH C18 column (2.1 × 50 mm, 1.7 μm), a Waters BEH C18
column (2.1 × 150 mm, 1.7 μm) and some HPLC columns
including a Waters XBridge™ C8 column (4.6 × 250 mm,
5 μm), a Diamonsil® C18(2) column (4.6 × 250 mm, 5 μm;
Dikma, Beijing, China), and an Ultimate® AQ-C18 column
(4.6 × 150 mm, 3 μm; Welch Materials, Shanghai, China) were
also tested. Gradient elution programs are documented in
Supplementary Tables S2 and S3 (see Supporting Information).
The temperature of the column oven was maintained at 30°C
and the injection volume was 5 μL.

An ESI source operated in both positive and negative
modes was applied. The working conditions of the ion source
are documented in Supplementary Table S4 (see Supporting
Information). The resolution of the mass spectrometer was
calibrated in real time with leucine enkephalin (L-ENK)
(m/z 556.2771) at 200 ng/mL. The instrument control and
data processing were performed with MassLynx V4.1.

Post-column infusion experiment

Post-column infusion was performed with a Harvard syringe
pump. At first, the infusion solution (antioxidant or model
compound) was infused into the three-way pipe (T-pipe),
followed by combination with the post-column mobile phase,
and then was directed to the ESI source. Secondly, a solution
containing a model compound or a compound mixture was
injected onto the UPLC/MS system using an autosampler.
The flow rates of the post-column infusion of the reducing
y & Sons, Ltd. Rapid Commun. Mass Spectrom. 2015, 29, 1863–1873
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agent solutions varied upon requirements. A baicalin solution
(20 ng/mL) was used for the post-column infusion at a flow
rate of 10 μL/min.

UPLC+UPLC experiment

Two UPLC columns [Waters BEH C18 column (2.1 × 50 mm,
1.7 μm) and Waters HSS T3 (2.1 × 100 mm, 1.8 μm) connected
in serial (UPLC+UPLC) were employed to investigate
separation of themodel compounds and the oxidation products.
An isocratic elution program with ACN/H2O (40:60, v/v) at a
flow rate of 300 μL/min was used to enhance the separation.
RESULTS AND DISCUSSION

General outline

The workflow and general findings of this study are illustrated
in Supplementary Fig. S1 (see Supporting Information) and
Fig. 1, respectively. A polyphenolic compound susceptible to
oxidation would undergo ultra-high pressure and intensive
surface effect caused by column packing particles with
diameter size of sub-2 micron when it was injected onto a
UPLC system. It was speculated that the surface effect of the
packing particles and the activated metals in a UPLC column
catalyzed an on-column oxidation reaction, promoting
the reaction between the polyphenolic compound and the
dissolved oxygen or other possible oxidizing agents in the
mobile phases. For all the model polyphenolic compounds,
their possible oxidization products possess an ortho-diquinone
group in their structures (Table 1).
Figure 1. Schematic diagram of probable
column and detection with high-resoluti
generate the precursor ion of baicalein
(CID) process.

Rapid Commun. Mass Spectrom. 2015, 29, 1863–1873 Copyright © 2015
Observation of abnormal ions

The abnormal ions of baicalin ([M–H]+/[M–3H]�) with loss
of two hydrogen atoms relative to the corresponding normal
precursor ions ([M+H]+/[M–H]�) were unambiguously
found with ESI-MS, having relatively high signal intensity
in comparison with the corresponding normal precursor
ions in mass spectra. Furthermore, abnormal product ions
containing a pyrogallol (P) group ([P–H]+/[P–3H]�) with
loss of two hydrogen atoms compared with the normal
product ions ([P+H]+/[P–H]�) were also found in the mass
spectra. These abnormal product ions, generated from the
suspected oxidation product of baicalin, were produced
during the collision-induced dissociation (CID) process.

Specifically, with positive ESI-MS, baicalin yielded a
normal protonated precursor ion m/z 447 ([M+H]+). At the
same time, an abnormal precursor ion m/z 445 ([M–H]+)
was unambiguously observed (Fig. 1), which probably arose
through the loss of two hydrogen atoms compared with the
normal precursor ion. This speculation was based on the
deduced chemical formula (C21H17O11) from the observed
accurate mass (m/z 445.0741). Therefore, the calculated
chemical formula of the compound corresponding to the
ion m/z 445 was C21H16O11, which presumably was an
oxidized product of baicalin with an ortho-diquinone group
in its structure as illustrated in Fig. 1 (baicalin oxide). In
addition, at the retention time of baicalin, a product ion at
m/z 271.0560 was found (Fig. 1), corresponding to the
precursor ion of baicalein based on the calculated chemical
formula (C15H11O5) from the detected accurate mass. This
ion was generated by baicalin during the CID process by
losing a glucuronide (G) group ([M–G+H]+). Adjacent to
oxidation reaction process on a UPLC
on mass spectrometry. Baicalin could
via a collision-induced dissociation
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Table 1. Proposed chemical formulas, structures and theoretical exact molecular weights of the on-column oxidized products
of the investigated model compounds

Name Molecular formula Exact molecular weight (u) Chemical structure

Baicalin oxide C21H16O11 444.0693

Baicalein oxide C15H8O5 268.0372

PG oxide C10H10O5 210.0529

Rutin oxide C27H28O16 608.1377

QR oxide C21H18O11 446.0849

PG: Propyl gallate; QR: quercetin-3-rhamnoside.
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this ion, another product ion at m/z 269.0452 was also present
in the mass spectrum. This product ion (m/z 269.0452) was
inferred to be the precursor ion of baicalein with loss of two
hydrogen atoms ([M–G–H]+) according to the calculated
chemical formula (C15H9O5). We deduced that this product
ion (m/z 269.0452) would correspond to an oxidation product
of baicalein with an ortho-diquinone group (Fig. 1), which
was generated during the CID process from the precursor
ion of a possible oxidation product of baicalin (m/z 445.0741)
by loss of a G group. It is suggested that oxidation reactions
of polyphenolic compounds such as baicalin could take place
wileyonlinelibrary.com/journal/rcm Copyright © 2015 John Wile
on a UPLC/ESI-MS system based on the observation of the
abnormal ions m/z 445 ([M–H]+) and m/z 269 (M–G–H]+),
corresponding to possible oxidized products of baicalin and
baicalein, respectively.

Abnormal precursor ions and product ions were observed
for other model compounds including baicalein, PG,
rutin and QR, indicating that oxidation reactions of
these polyhenolic compounds could also happen in a
UPLC/ESI-MS system. The theoretical exact masses, detected
accurate masses, mass accuracy (ppm), and calculated
chemical formulas of the precursor ions of the model
y & Sons, Ltd. Rapid Commun. Mass Spectrom. 2015, 29, 1863–1873
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compounds and their possible oxidation derivatives are
documented in Supplementary Table S5 (see Supporting
Information).
Ascertaining the oxidation reaction on the UPLC/ESI-MS
system

In order to ascertain the oxidation reactions occurring on the
UPLC/ESI-MS system, post-column infusion of reducing
agent was further performed. The operating details are
illustrated in Fig. 2. The tested reducing agents included
(NH4)2S, VC, hydroquinone, catechol, PG, dopamine,
ortho-phenylenediamine, phloroglucinol, formaldehyde, and
resorcinol. Upon post-column infusion of (NH4)2S (1.7 mM)
at 50 μL/min, the ion m/z 445 almost disappeared in the mass
spectrum, whereas m/z 447, the precursor ion of baicalin, was
still present with even enhanced signal intensity (Fig. 2). In
addition, the ratio of the signal intensity of m/z 269 (possible
oxidized derivative of baicalein) to that of m/z 271 (baicalein)
was significantly decreased (Fig. 2). Similar results were
obtained with other reducing agents such as VC and PG.
These results confirmed that an oxidization reaction really
occurred on the UPLC/ESI-MS system.
In addition, (NH4)2S was found to be the most suitable

reducing agent due to its significant reducing efficiency and
negligible ion suppression for ESI-MS operated in both
positive and negative modes. Moreover, (NH4)2S was found
to be capable of enhancing the signal intensity of the analytes
in positive ESI-MSmode. Therefore, (NH4)2Swas finally chosen
as the reducing agent to perform further post-column infusion.
Figure 2. Oxidation reaction on UPLC co
in ESI source with the post-column infu
mainly used reducing agent was (NH4)2S

Rapid Commun. Mass Spectrom. 2015, 29, 1863–1873 Copyright © 2015
Confirmation of the oxidation reaction on the UPLC column

It is well known that an ESI source can be considered as
an electrolytic cell where redox reactions may occur via
electrolysis.[7,8] Previous studies suggested that electrochem-
ical oxidation reactions occurred only in a positive ESI
source and electrochemical reduction reactions took place
only in a negative ESI source.[7,11,12] In this study, however,
oxidization reactions were observed not only with positive
ESI-MS, but also with negative ESI-MS without significant
difference in the extent of reactions (Fig. 1 and Supplementary
Fig. S2, see Supporting Information). Therefore, post-column
infusion of a baicalin solution was conducted in order to
investigate whether the oxidation happened in the ESI source
or on the UPLC columns (Fig. 3).

Baicalin solution (20 ng/mL in water) was infused at a flow
rate of 10 μL/min. In the mass spectrum of m/z 435–455 at the
retention time range of baicalin (0.8–0.9 min), both the
precursor ions of baicalin (m/z 447) and baicalin oxide (m/z 445)
were present. The signal intensity of the ion at m/z 445 was
even stronger than that of the ion atm/z 447 (Fig. 3). However,
in the retention time ranges other than that of baicalin (such
as 0.1–0.2 min), only the precursor ion of baicalin (m/z 447)
was found, whereas the precursor ion of its oxide (m/z 445)
was undetectable. Post-column infused baicalin solution was
directly transferred to the ESI source without passing through
the UPLC column. This result demonstrated that baicalin was
not oxidized during the ESI process. When a blank solution
(MeOH/H2O, 1:1, v/v) was injected onto the UPLC/MS
system accompanied by post-column infusion of baicalin
solution, in the mass spectra of m/z 435–455 and m/z 268.5–273
lumn and reduction reaction process
sion of reducing agent solutions. The
.
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Figure 3. Confirmation for on-column oxidation reaction with post-column
infusion of baicalin solution. The chromatographic gradient elution program I
was used (Supplementary Table S2, see Supporting Information).
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in the retention time range of baicalin (0.8–0.9 min), only the
precursor ions of baicalin (m/z 447) and baicalein (m/z 271)
were observed, whereas the precursor ions of baicalin oxide
(m/z 445) and baicalein oxide (m/z 269) were not detected. This
result elucidated that chemical impurities which were
presumptively capable of oxidizing baicalin and baicalein in
the ESI source were ineffective on the oxidation reaction.
The above-mentioned results and discussion confirmed

that the oxidation reactions observed in this study occurred
on the UPLC columns rather than in the ESI source.

Exact site of the on-column oxidation reaction

The majority of the research concerning degradation of
compounds on HPLC and UPLC columns has focused on
degradation of macromolecules such as proteins, DNA, and
polymers.[30–32] Only two studies have, so far, reported
on-column (HPLC) degradation of small molecules.[28,29]

Wang et al.[28] considered that the on-column dimerization of
anilines was a surface reaction caused by oxidation agents that
were generated during complexation between unknown
elements on the stationary phase surface of the X-Bridge LC
columns and ammonia in the high-pH mobile phase. Myers
et al.[29] suggested that the on-column nitrosation of amines
occurred at the stainless steel frit of the HPLC column and
ablated metals of the frit. Degradation products observed in
wileyonlinelibrary.com/journal/rcm Copyright © 2015 John Wile
these two studies were chromatographically separable and
thus could be discriminated using HPLC ultraviolet–visible
(UV) detection. In our study, however, the oxidation reaction
could hardly be observed on common HPLC columns due to
the low extent of the reactions. As shown in Supplementary
Fig. S3 (see Supporting Information), only an inconspicuous
oxidation reaction was observed on two types of HPLC
columns [Ultimate® AQ-C18 column (4.6 × 150 mm, 3 μm;
Welch Materials, Shanghai, China) and XBridge™ C8 column
(4.6 × 250 mm, 5 μm;Waters, Milford, MA, USA)]. In contrast,
an evident oxidation reaction was observed on the 1.8-μm
UPLC columns in this study. In addition, the oxidized
products could not be chromatographically separated from
their parent compounds with similar peak shapes, particularly
for baicalin and baicalin oxide (Fig. 4). If the oxidization
reaction occurred on the inlet frit, the oxidation products
would be chromatographically separable from their parent
compounds with independent peaks, as observed by Wang
et al.[28] and Myers et al.[29] If the reaction took place on the
stationary phase surface of the UPLC columns, the oxidation
process could have occurred continually during the retention
time ranges of the model compounds, giving rise to distorted
and broadened chromatographic peaks for the oxidized
products. Therefore, the oxidation reactions did not occur at
either the inlet frits or on the stationary phase surface of the
UPLC columns. Thus, the outlet frits of the UPLC columns
y & Sons, Ltd. Rapid Commun. Mass Spectrom. 2015, 29, 1863–1873



Figure 4. Representative chromatograms of baicalin, baicalein and their oxidized
products caused by on-column oxidation reaction. The chromatographic gradient
elution program II was used (Supplementary Table S3, see Supporting Information).
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should be the most reasonable site for the oxidation reactions
to take place according to the identical or similar retention
times and peak shapes of the oxidized products to their parent
compounds. The chromatograms of baicalin, baicalein and
their oxidized products are provided in Fig. 4.
To further confirm this speculation, a UPLC+UPLC experi-

ment was conducted. As shown in Fig. 5, the retention times
of baicalin, baicalin oxide, baicalein, and baicalein oxide were
2.87, 2.50, 7.21 and 4.33 min, respectively, indicating these
Rapid Commun. Mass Spectrom. 2015, 29, 1863–1873 Copyright © 2015
compounds were chromatographically separable on UPLC
columns, particularly for baicalein and baicalein oxide. In
addition, at the retention times of baicalin and baicalein
(2.87 and 7.21 min), the corresponding oxidation products
(baicalin oxide and baicalein oxide) were also observed,
which means that the oxidation products could be chro-
matographically separated from their respective parent
compounds. These results indicated that the outlet frits were
the exact sites where the oxidation reaction took place. In
John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/rcm
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Figure 5. Chromatograms of baicalin, baicalein and their on-column oxidized
products on two coupled UPLC columns (UPLC+UPLC). The first UPLC
column was Waters BEH C18 column (2.1×50 mm, 1.7 μm) and the second
was Waters HSS T3 column (2.1×100 mm, 1.8 μm). Isocratic elution program
with ACN/H2O (4:6, v/v) with the flow rate of 300 μL/min was used.
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addition, four peaks at 2.33, 2.74, 4.19, and 7.12 min were
observed in the chromatogram with UV diode-array
detection, corresponding to baicalin oxide, baicalin, baicalein
oxide and baicalein, respectively (Fig. 5). The extracted
UV-spectra at these retention times showed evidently different
wileyonlinelibrary.com/journal/rcm Copyright © 2015 John Wile
characteristic absorption patterns at 2.74 and 7.12 min from
those at 2.33 and 4.19 min, respectively (Supplementary
Fig. S4, see Supporting Information). In addition, the maximum
absorption wavelength at 4.19 min was shorter (hypsochromic
effect) than that at 7.12 min (Supplementary Fig. S4, see
y & Sons, Ltd. Rapid Commun. Mass Spectrom. 2015, 29, 1863–1873



Figure 6. High resolution mass spectra of the investigated model compounds
(excepted baicalin) and their oxidized products caused by on-column oxidation
reaction. Baicalein was detected with positive ESI source, and others were detected
with negative ESI source.
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Supporting Information). These phenomena also supported
the conclusion that the oxidation reactions occurred at the
outlet frits of the UPLC columns.
Frit-removed experiments were further carried out to

confirm the exact site of the oxidations. First, the inlet frit was
removed from the UPLC column that was used for separation.
As illustrated in Supplementary Fig. S5 (see Supporting
Information), baicalin oxide presented relatively high signal
intensity, indicating a high extent of oxidation reaction. This
result demonstrated the on-column oxidation reaction could
happen without the inlet frit. In the following step, both the
inlet and outlet frits were removed from the UPLC column.
The result showed that the signal intensity of baicalin oxide
decreased dramatically, indicating significantly reduced extent
of the oxidation reaction (Supplementary Fig. S5, see Supporting
Information). This result revealed that the on-column oxidation
reaction could not happen without the outlet frit.

Tentative mechanistic considerations

Shear force and extensional force have been considered as
the main causes for scission of polymer chains and
biomacromolecules on chromatographic columns.[24] According
to the shear rate calculation,[24,25,33] the shear rate generated in
the UPLC columns and that on the frits (0.2 μm) were
estimated to be 7 × 104 S�1 and 2 × 105 S�1, respectively, in
this study, which were high enough to cause scission between
Rapid Commun. Mass Spectrom. 2015, 29, 1863–1873 Copyright © 2015
C–C bonds of the polymers and other covalent bonds of
macromolecules.[24,25] Therefore, the high shear rates at the
outlet frits of the UPLC columns were postulated to facilitate
the cleavage of the H–O bonds on the phenol ring, and thus
generated quinones and H2O with the presence of oxidation
agents such as O2 and OH• in the mobile phases. All
reactions might be catalyzed by the active metals of the frits.
In addition, surface effect might also play a role in the
oxidation process.

An experiment using a serial of elution flow rates, i.e., 50,
200, 300, 400, and 600 μL/min, was conducted to validate
the above hypotheses. As shown in Supplementary Fig. S6
(see Supporting Information), the on-column oxidation
reaction did not change significantly with the variation in
the elution flow rates. On the contrary, the oxidation reaction
was relatively stronger at the flow rate of 50 μL/min. This
observation does not agree with the "shear degradation"
theory by which shear rate is positively proportional to flow
rate.[24,34,35] Therefore, "shear degradation" is not a plausible
explanation for the on-column oxidation reaction observed
in this work. In addition, according to the information
provided by the manufacturer of the tested UPLC columns,
the pore sizes and materials of the inlet and outlet frits are
identical, which means that the shear forces generated on
both the inlet frits and the outlet frits should be equivalent.
According to the "shear degradation" assumption,[24] the
on-column oxidation reactions should have been observed
John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/rcm
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on both the inlet and the outlet frits. Therefore, "shear
degradation" was not the probable mechanism of the
on-column oxidation observed in this study.
A surprising phenomenon was observed when a UPLC

column was used in reversed flow direction for separation.
With this condition, the on-column oxidation reaction
completely disappeared (Supplementary Fig. S7, see Supporting
Information). Unfortunately, no convincible interpretation
can be made based on available data and knowledge.
To sum up, the oxidation reactions occurring on UPLC

columns could be attributable to metal catalysis, surface effect
and other unknown factors. Further efforts are needed to
explore the mechanisms of the on-column oxidation reactions.

On-column oxidation for other compounds

On-column oxidation reactions were also observed for
baicalein, PG, rutin, and QR (Fig. 6). The proposed chemical
structures, formulas, and calculated molecular weights of the
oxidized products are provided in Table 1. For naringin and
THS-G, however, an oxidation reaction was not found on the
tested UPLC columns. These two compounds, possessing
either a para-hydroxybenzene group or a resorcinol group in
their structures, may have relatively lower reducing property
compared with the other polyphenolic compounds.

Finding the most suitable reducing agent

In this study, (NH4)2S was found to be the most effective and
suitable reducing agent in eliminating unnecessary oxidation
reaction on UPLC columns (Supplementary Figs. S8–S11, see
Supporting Information). Thus (NH4)2S was proposed to be
a useful agent for UPLC/MS analysis to counteract oxidation
reactions and ensure analyzing accuracy. Other reducing
agents including hydroquinone, dopamine, catechol, ortho-
phenylenediamine, PG, and routinely used VC could also
convert on-column oxidized products into their parent forms
in the ESI source. However, their reducing efficiencies were
remarkably lower than that of (NH4)2S. In addition, these
reducing agents could suppress the ionization efficiency of
the target analytes to some extent in either positive or negative
mode in the ESI source. Moreover, they are in possession of
relatively higher molecular weights and more difficult to be
decomposed in comparison with (NH4)2S, which could lead
to contamination in the ESI source.

Applications

Natural product chemistry has become a hot spot in research
areas of chemistry, plant science, and pharmaceutical
sciences.[36–39] Among numerous natural products, polyphenolic
substances and flavonoids have attracted particular attention
due to their benefits to human health.[40–42] Identification and
quantification of natural products are of priority for further
studies. The oxidation reaction of polyphenolic compounds
possibly occurring on UPLC columns may cause biased
results. Therefore, precautions should be taken to eliminate
possible on-column oxidation reactions for qualitative and
quantitative analysis. Post-column infusion of reducing
agents can transform the oxidized products back to their
parent compounds. Direct addition of reducing reagent into
mobile phases could help to suppress on-column oxidation
reactions.
wileyonlinelibrary.com/journal/rcm Copyright © 2015 John Wile
CONCLUSIONS

Oxidation reactions of some polyphenolic compounds
occurring on UPLC columns were observed and confirmed
through UPLC/HRMS detection and post-column infusion.
Oxidation was confirmed to occur at the outlet frits of
the UPLC columns. The on-column oxidation can be
compensated by post-column infusion of reducing reagent
into the ESI source. This work will be an enlightenment for
identification and quantification of natural products as
polyphenolic compounds and quinonoids using UPLC/MS.
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