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ABSTRACT: 1-β-O-Acyl-glucuronides (AGs) are common metabolites of
carboxylic acid-containing xenobiotics, including, e.g., many nonsteroidal
anti-inflammatory drugs (NSAIDs). They are of concern to regulatory
authorities because of the association of these metabolites with the
hepatotoxicity that has resulted in drug withdrawal. One factor in assessing
the potential risk posed by AGs is the rate of transacylation of the
biosynthetic 1-β-O-acyl form to the 2-, 3-, and 4-O-acyl isomers. While
transacylation can be measured using 1H NMR spectroscopy or liquid
chromatography-mass spectrometry (LC-MS), the process can be time
consuming and involve significant method development. The separation of
these positional isomers by ion mobility spectrometry (IMS) has the
potential to allow their rapid analysis, but conventional instruments lacked
the resolving power to do this. Prediction of the collision cross section
(CCS) using a machine learning model suggested that greater IMS resolution might be of use in this area. Cyclic IMS was evaluated
for separating mixtures of isomeric AGs of diclofenac and was compared with a conventional ultraperformance liquid
chromatography (UPLC)-MS method as a means for studying transacylation kinetics. The resolution of isomeric AGs was not seen
using a conventional traveling wave IMS device; however, separation was seen after several passes around a cyclic IMS. The cyclic
IMS enabled the degradation of the 1-β-O-acyl-isomer to be analyzed much more rapidly than by LC-MS. The ability of cyclic IMS
to monitor the rate of AG transacylation at different pH values, without the need for a prior chromatographic separation, should
allow high-throughput, real-time, monitoring of these types of reactions.

A continuing problem for pharmaceutical discovery and
development is the production of reactive and therefore

potentially toxic metabolites during the course of the
metabolism of new drug candidates. In general, the conjugation
of drugs or their metabolites to glucuronic acid produces
pharmacologically inactive glucuronides and is correctly seen as
a detoxication process. However, in the case of acyl or ester,
glucuronidation, an association between their production and
drug toxicity, which has led in some instances to drug
withdrawal, has been noted. In particular, this has been linked
to the toxicity sometimes seen with nonsteroidal anti-
inflammatory drugs (NSAIDs), many of which form acyl
glucuronides (AGs) and a number of them have been withdrawn
from the market due to adverse drug reactions (ADRs).1−5 Such
ADRs have led to regulatory authorities, such as the U.S. Federal
Drug Administration, requiring efforts to be made in the
toxicological assessment of these AGs. As a result, methods for
determining their reactivity have been of increased interest to
both medicinal chemists and toxicologists.6 One property that
has been used for assessing the reactivity of acyl glucuronides,
and therefore the potential risk posed by them, is the rate of

transacylation in aqueous buffer of the biosynthetic 1-β-O-acyl-
AG form to the 2-, 3-, and 4-O-acyl isomers. This degradation
rate is used as a surrogate for reactivity with proteins.1−5

Currently, the techniques most frequently used to determine
transacylation rates for AGs are 1H NMR spectroscopy, e.g., ref
7, or high-performance liquid chromatography (HPLC) using
either UV or MS detection (e.g., refs 8 and 9). However, analysis
by either 1H NMR spectroscopy or chromatographic methods is
often time consuming. In addition, the development of the
separation methods for the isomeric glucuronides may also
require optimization for each analyte, making generic “high-
throughput” assays for screening or kinetic measurements
impractical. As AGs are isomers, an alternative technique to
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mass resolution such as ion mobility is needed to resolve the
different isomers. The cyclic IMS (cIM)10 allows ions to pass
around the ionmobility device multiple times, thereby providing
significantly longer path lengths and hence increased resolution
compared to linear IM instruments. Here, the resolution of
molecules of similar structures using cIM has been applied to the
rapid separation of the 1-β-O-acyl glucuronide of the drug
diclofenac from its 2-, 3-, and 4-O-acyl isomers and to the
determination of properties such as their collision cross section
and pH-dependent rates of formation.

■ EXPERIMENTAL SECTION
Chemicals and Reagents. Acetonitrile (Honeywell

Research Chemicals) was obtained from Fisher Scientific U.K.
(Rugby U.K.), and water was either HPLC grade from the same
supplier or from an Elga Ultra Mk2 Water Purification system
(High Wycombe, U.K.). Ammonium acetate solution (1 M, pH
5), formic acid, Major Mix IMS/Tof calibration, and sodium
formate calibration solutions were obtained from Waters
Corporation (Milford, MA). Ammonium acetate was provided
by Sigma-Aldrich (Gillingham, U.K.) from which a fresh 1 M
ammonium acetate stock was created. Ammonium hydroxide
solution obtained from Sigma-Aldrich was used to adjust the pH
of the ammonium acetate. The pH values were confirmed by
measurement using a Mettler Toledo (Switzerland) Seveneasy
pH meter. Diclofenac β-1-O-acyl glucuronide (DAG) was
synthesized using the published methodology11 and was greater
than 98% pure as assessed by 1H NMR spectroscopy.
Sample Preparation. DAG was dissolved in acetonitrile/

water (1:1 v/v) to obtain a 10 mM stock solution. This DAG
solution was diluted to 10 μM using 10 mM ammonium acetate
solution either diluted with HPLC water at pH 5 (A) or pH 7.8
(B) or from solid using Elga water at pH 8.5 (C). A DAG
solution at a concentration of 10 μM in 10 mM ammonium
acetate at pH 5 (solution A), to prevent transacylation, was used
for the initial method development of the LC-MS method for
the separation of the acyl glucuronide mixtures and the
multipass ion mobility experiments. Initially, the DAG solution
prepared at pH 7.8 (solution B) was left for 22 h at room
temperature to allow transacylation to occur and was then used
for the initial method of the LC separation and IM methods for
the transacylated species. For further method development and
kinetic studies, a 10 μM solution of the DAG in 10 mM
ammonium acetate buffer at pH 8.5 (solution C) was used.
These pH conditions, rather than the more physiological pH of
7.4 normally used (e.g., refs 7, 9), were employed to achieve
rapid transacylation.
LC-IM-MS Analyses. LC-IM-MS analyses were performed

using an ACQUITY UPLC I-Class FTN (Waters Corporation)
coupled to a SYNAPT XS, a Q-IMS-Tof (Waters Corporation).
Prior to use, the system was mass-calibrated using sodium
formate. Additionally, the Major Mix IMS/Tof calibration
solution was used to calibrate the traveling wave ion mobility
(TWIMS) device and facilitate the measurement of TWCCSN2
values. An ACQUITY UPLC HSS T3, 2.1 mm × 100 mm 1.8
μm column at a temperature of 45 °C was used. Mobile phase A
was water with 0.1% formic acid (v/v), and mobile phase B was
acetonitrile with 0.1% formic acid (v/v). Separations (0.6 mL/
min) were performed using a linear gradient elution program:
0−0.5 min isocratic at 95:5 (A/B); 0.5−15.5 min (50:50),
15.5−16 min (5:95) hold till 18 min and then 18.0−18.1 min
(95:5), giving a total analysis time of ca. 20 min allowing for
column re-equilibration.

The instrument was equipped with an electrospray ion source
with the capillary voltage set to 2 kV in a positive ion mode. The
desolvation gas flow was 1000 L/h, the desolvation gas
temperature was 550 °C, and the source temperature was 120
°C. Data were acquired from m/z 50 to 1200 with a 0.1 s scan
time. The linear TWIMS device used nitrogen as the drift gas
and had a gas pressure of 3.0 mbar, a traveling wave height of 40
V, and the velocity was set to 650 m/s.
For these, and the infusion experiments described below, the

instrument was controlled using MassLynx 4.2. The obtained
data were processed using UNIFI 1.9.4 and MassLynx 4.2.

LC-cIM-MS Analyses. Prior to use, the Major Mix IMS/Tof
calibration solution (Waters Corporation) was used to calibrate
the ion mobility device in a single-pass mode to provide
TWCCSN2 values, and sodium formate was used to calibrate the
time-of-flight analyzer of the mass spectrometer. Incubations
were analyzed on an ACQUITY UPLC I-Class Plus system with
a tunable UV detector (Waters Corporation) coupled to a
SELECT SERIES Cyclic IMS (Waters Corporation), a Q-Tof
mass spectrometer equipped with a novel cIM device. The LC
column, mobile phase, and gradient conditions were the same as
for the LC-IM-MS analysis described previously. The UV
detector was set to acquire data at 254 nm.
The instrument was equipped with an electrospray ion source

with the capillary voltage set to 2 kV in the positive ionmode and
1 kV in the negative ion mode. The desolvation gas flow was
1000 L/h, the desolvation gas temperature was 550 °C, and the
source temperature was 120 °C. MS data were acquired in the
positive ion mode using a single pass of the cIM device to obtain
CCS values. CCS are a fundamental property of an ion and do
not change with multiple passes of the cIM. If the components
had not been resolved chromatographically, the measurement of
CCS after multiple passes of the cIM would have been beneficial
as separation of these components might have been possible
with the additional ion mobility resolution. However, as the
major components were resolved by LC, the CCS data were
acquired using a single pass, allowing comparison with the data
acquired in the same manner on the linear IM instrument. The
same MS data were gathered again after 8 passes to allow
comparison with the infusion data. MS/MS data were acquired
in positive and negative modes with trap collision energies of 20
and 15 V, respectively. For all modes, data were acquired from
m/z 50 to 1200 with a 0.2 s scan time. The cIM device had a gas
pressure of 1.6 mbar, a traveling wave height of 15 V, and the
velocity was set to 375m/s. These settings were also used for the
infusion experiments. The data were acquired in a V-mode
geometry with a mass resolution of >60 000 FWHM.
For these and infusion experiments, the instrument was

controlled usingMassLynx 4.2 software. The obtained data were
processed using UNIFI 1.9.4, MassLynx 4.2, and DriftScope 2.9.
The latter was used to export drift time retained data for further
processing using MassLynx 4.2, where arrival time distributions
(ATDs) were produced for ions of interest.

Infusion cIM-MS. The incubation solutions were placed on
the instrument fluidics, and incubation occurred in situ at
ambient temperature with the infusion at 5 μL/min into the
electrospray ion source of the SELECT SERIES Cyclic IMS.
The instrument was operated in the positive ion mode using a
capillary voltage of 2 kV and a nitrogen desolvation gas flow of
600 L/h. The desolvation and source temperatures were 280
and 100 °C, respectively. Following separation in the cIM, mass
spectra for the various isomers were acquired from m/z 50 to
1200 with a 1 s scan time for 30 s. The separation times for the
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cIM device were varied to acquire data from 1 to 8 passes of the
cIM. In a second experiment, the components with the slowest
and fastest migration times were ejected from the device and
discarded, and the remaining components underwent a further 8
passes to give a total of 16 passes.10 For the incubation to
determine the kinetics of transacylation at pH 8.5, data were
acquired at 0.083, 0.25, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, and 5 h. As
indicated, these conditions, rather than the more physiological
pH 7.4 often employed (e.g., refs 7, 9), were used to obtain a
more rapid rate of transacylation.
CCS Prediction. The gradient boosting (GB) algorithm was

used to create a bespoke predictive machine learning-based
model using known, experimentally validated TWCCSN2 values
with relevant molecular descriptors. In the current application,
briefly, this was achieved through the use of the XGBoost12 and
RDKit13 libraries. A nested cross-validation strategy was used
that included folds for hyperparameter optimization, using
autoML, inside folds for training and testing the model, for
which the scikit-learn library14 was applied, which performs
Monte Carlo sampling over the hyperparameters. A more
detailed description of the principles, background information,
validation, and some basic performance metrics are provided
elsewhere.15,16 Machine learning-based prediction of CCS has
been compared (e.g., refs 17, 18) to the computational modeling
approach, which predicts and optimizes the 3D structure that is
used for theoretical calculation of the CCS. These comparisons
show suitability of the machine learning approach for CCS
prediction compared to that of computational modeling.

■ RESULTS AND DISCUSSION

LC, with either UV,8 MS/MS,9 or 1H NMR spectroscopy19

methodology, has previously been extensively used to study the
transacylation of acyl glucuronides. One of the main drawbacks
of using this type of methodology is that the time taken to
separate the various isomers using LC can make it difficult to
study the isomerization in real time. This is particularly the case
for those acyl glucuronides that rapidly transacylate at
physiological pH (especially when incubated in plasma20).
However, prediction of the CCS values for the biosynthetic 1-O-
acyl and transacylated 2-, 3-, and 4-O-acylated forms of DAG
(Table 1) using machine learning suggested that in fact there
were indeed likely to be small differences that might be exploited
using IMS as a separation technique prior to MS detection. If so,
this might enable the rapid determination of transacylation
kinetics without the need for chromatography.
LC-IM-MS. To evaluate the use of an IMS-based separation

for determining DAG transacylation kinetics, we therefore
undertook LC-IM-MS analyses using a SYNAPTXSQ-IMS-Tof
mass spectrometer. The purpose of this was twofold. The first
was to establish using the current methodology the elution order
of the various DAG isomers via an optimized UPLC separation

to determine the kinetics of transacylation. The second was to
determine the CCS for each of the isomeric glucuronides
experimentally and compare them with the predicted values.
Here, DAG was incubated in 10 mM aqueous ammonium
acetate at pH 8.5, at room temperature, for 2 h, and studied using
a separation method developed to provide good retention of the
1-O-acyl form ofDAG, which eluted with a retention time (tR) of
11.48 min (overall analysis time: 20 min) (Table 1). Based upon
comparison with the standard, the disappearance of the 1-O
DAG, and the sequential appearance of the other forms, the
elution order 4 α/β > 3 > 1 > 2-O-DAG was established with the
latter having a tR of 11.57 min (Table 1). Clearly, with further
optimization, the cycle time could possibly be reduced to ca. 15
min to increase throughput and, as the transacylation reaction
can be halted by reducing the pH to, e.g., 5, serial samples could
be taken at short intervals for subsequent analysis. However,
adoption of such a strategy would still limit analysis to ca. 4
samples/h. From the data obtained here, the initial half-life
(measured up to 1.5 h) of the 1-O-acyl DAG was found to be
0.95 h (Figure S1). As can be seen from Figure 1 (which shows
the same separation obtained using the LC-UV-CIM-MS), the
LC peak shapes of the transacylated isomers are broader than
might be expected.
The broadness of these peaks is probably a result of the

presence of both α- and β-anomeric forms of the respective AGs
(e.g., see ref 7 and references quoted therein). This
anomerization is rapid on the LC time scale with interconversion
continuing during the separation itself so that even when
partially separated, as in the case of 4-O-acyl form, the peaks
cannot be fully resolved.
When the measured CCS values obtained experimentally

were compared with those predicted for the various DAG
isomers, the rank order of the isomers based on CCS was
consistent betweenmeasured and predicted and was in the order
1-O-acyl > 2-O-acyl > 3-O-acyl > 4-O-acyl. Thus, it is clear in this
case that, despite the differences seen between the calculated
and measured CCS values, the predictive machine learning-
based model was able to provide guidance with respect to likely
differences between similar, but different, isomeric structures.
Subsequently, these CCS values were also calculated using a
molecular orbital-based approach (MOBCAL)24 and gave
similar results (Figure S2).
However, given the small differences between most of the

transacylated forms of DAG, it would not have been possible to
measure them separately on the linear TWIMS without prior
resolution by LC (Figure S3).

LC-UV-cIM-MS. Again, DAG was incubated at pH 8.5 in 10
mM aqueous ammonium acetate, at room temperature, for 2 h,
and samples of these incubations were studied by LC-UV-cIM-
MS with 8 passes of the cIM device and using the same LC
method as described above. TheMS andUV chromatograms are

Table 1. tR Time, [M + H]+ Ion, and Observed and Predicted CCS Values for DAG and Isomers

isomer tR (min)a
observed
m/z (Da)

mass error
(ppm) observed TWCCSN2 (Å

2)a
observed TWCCSN2
difference (%)

predicted
TWCCS N2

(Å2)
predicted TWCCSN2 difference

from observed (%)a

1-O-acyl 11.61/11.48 472.0560 −0.2 205.3 ± 0.1/203.9 ± 0.1 0.7 202.2 1.5/0.8
2-O-acyl 11.73/11.57 472.0559 −0.3 201.1 ± 0.0/201.2 ± 0.2 0.0 199.2 1.0/1.0
3-O-acyl 11.43/11.30 472.0562 0.3 200.9 ± 0.1/200.9 ± 0.2 0.0 199.2 0.9/0.9
4-O-acyl 10.84− 10.93/10.73 472.0560 −0.1 199.7 ± 0.1/198.8 ± 0.2 0.5 194.7 2.5/2.0

aCyclic IMS/SYNAPT XS. The observed CCS values are the mean of duplicate measurements. Comparing across all four measurements, the
intravariability was less than 0.4% for all isomers, which is comparable to other published studies.21−23
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illustrated in Figure 1, and the relative MS and UV responses
were similar. The retention times were slightly longer than those
observed on the SYNAPT XS due to the extra system volume

arising from the presence of the UV detector.Mass spectra of the
four isomers obtained in positive ion mode are shown in Figure
S4, and product ion mass spectra in positive ion (Figure 2) and

Figure 1. (a) Extracted ion and (b) UV chromatograms for LC-UV-cIM-MS analysis of DAG standard and following incubation for 0, 30, 60, and 120
min at pH 8.5 and room temperature and with 8 passes of the cIM device.
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negative ion (Figure S5) modes performed on these eluting
peaks confirmed that all were indeed acyl glucuronides of
diclofenac. The product ion mass spectra obtained were very

similar for all of the isomers. Differences were observed in the
relative abundances of the fragment ions indicating differences
in the relative stability of these isomers; however, no significant

Figure 2. Product ion mass spectra of [M + H]+ (m/z 472) and TWCCSN2 for 4-O, 3-O, 1-O, and 2-O isomers obtained from LC-MS/MS analyses of
incubation of 1-O-DAG (using the cIM instrument). The 4-O-α/β-isomers are in dynamic equilibrium, and, as shown in the Supplementary
Information (Figure S7), the peaks gave identical MS spectra.

Figure 3.Comparison of the separation of DAG isomers following 1, 2, 4, 6, and 8 passes of the cIM device obtained by infusion of a sample incubated
for 2 h, pH 8.5 at room temperature.

Analytical Chemistry pubs.acs.org/ac Article

https://doi.org/10.1021/acs.analchem.0c04487
Anal. Chem. 2021, 93, 7413−7421

7417

http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.0c04487/suppl_file/ac0c04487_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.0c04487?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.0c04487?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.0c04487?fig=fig2&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.0c04487/suppl_file/ac0c04487_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.0c04487?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.0c04487?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.0c04487?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.0c04487?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.0c04487?fig=fig3&ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.0c04487?rel=cite-as&ref=PDF&jav=VoR


differences were noted that would allow assignment of the
various isomeric forms. An additional minor peak in both the
MS and UV chromatograms was observed at a retention time of
∼11.23 min. Themass spectrum and product ionmass spectrum
(Figure S6) of this component confirmed this peak to contain
the expected chlorine isotope pattern, a dominant sodiated
molecular ion, and fragment ions arising from the loss of the
glucuronide moiety. It is thought that this peak may arise from
the interconversion of the α/β forms of the 3-O-acyl species.
CCS data were also acquired after a single pass of the cyclic

ion mobility device and are provided in Table 1. Comparison of
TWCCSN2 values with those obtained on the linear IMS device
described above showed that they were very similar in terms of
their precise value and order, exhibiting less than a 0.7%
difference between instruments for the four DAG species (Table
1). These data demonstrate the conservation of discrete
TWCCSN2 values for the DAG species across the two platforms,
which were calibrated using the same protocol, and agree with
that reported previously (e.g., refs 21−23). The differences in
measured CCS values to the predicted values across the different
isomers were 0.9−2.5% on the cIM and 0.8−2.0% on the linear
device, and again the comparison of the measured TWCCSN2
with the predicted CCS values across the isomers shows that the
order of CCS was consistent between measured and predicted.
The relatively larger CCS predicted for the 1-O-isomer
compared to that for the other isomers is consistent with the
observed cIM separation, as is the lack of resolution of the 2/3-
O-isomers and there was also some separation between the 2/3-
O- and 4-O-isomers. We conjecture that with more examples of
isomeric AGs, and perhaps more class-specific model training, it
might be possible to refine the calculations as an aid to structural
characterization and identification.
cIM-MS Analysis of DAG Incubations. To see if the cIM

device could provide sufficient resolution for the separation of

the isomeric DAGs to enable the half-life of the 1-O-acyl species
to be measured, direct infusion of these analytes was then
investigated. Initial method development was performed using a
sample of the 1-β-O-acyl glucuronide prepared in 10 mM
aqueous ammonium acetate buffer at pH 5 to ensure its stability
and prevent both hydrolysis and transacylation. Unlike LC-MS,
where the [M + H]+ adduct was the most abundant ion, the
predominant ion observed during this initial method develop-
ment with infusion was m/z 510; this was assigned as the
potassium adduct [M + K]+ of DAG with a mass error of 0.2
ppm. Only a very weak signal was seen for the protonated
molecule [M + H]+, making comparison with the LC data more
difficult. The solution was therefore prepared again using freshly
prepared ammonium acetate in purified water from an Elga
system. This provided mainly the protonated species and was
used to determine initial instrumental conditions. Having
established the IMS experimental parameters, further method
development was performed by analysis of the sample that had
been incubated in 10 mM aqueous ammonium acetate at pH 8.5
at ambient temperature for 2 h (conditions known from the LC-
MS experiments to have produced a mixture of DAG isomers).
The initial experiment consisted of a single pass, i.e., the ions
traversed the mobility device once before being ejected and
subjected tomass analysis. Unsurprisingly, given the similarity of
their CCS values, this experiment did not reveal any resolution
of the DAG 1-, 2-, 3-, and 4-O-acyl isomers present in the
mixture. However, as the IMS separation timewas increased by a
stepwise increase up to a total of 8 passes, an increase in
resolution was seen. Selected arrival time distributions (ATDs)
for 1, 2, 4, 6, and 8 passes are shown in Figure 3.
While, as indicated in Figure 3, no resolution was seen after a

single pass, the second pass clearly revealed an additional
component, with the indication of a third species. After 4 passes,
all three of these components are easily observed, and, after 6

Figure 4. (a) 2D distribution ofm/z 472 in the retention time range of 10.7−12.0min following LC-cIM-MS analysis with 8 passes of the cIMdevice of
the 120 min incubation with the regions used for selecting data in the (b) mobility filtered extracted ion chromatogram for m/z 472, (c) mass region
used, and (d) ATDofm/z 472 over the time range. Peaks are identified as the 1-O, 2-O, 3-O, and 4-O isomers, while a number of partially characterized
peaks i, ii, iii, iv, v, and vi are also highlighted.

Analytical Chemistry pubs.acs.org/ac Article

https://doi.org/10.1021/acs.analchem.0c04487
Anal. Chem. 2021, 93, 7413−7421

7418

http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.0c04487/suppl_file/ac0c04487_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.0c04487?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.0c04487?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.0c04487?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.0c04487?fig=fig4&ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.0c04487?rel=cite-as&ref=PDF&jav=VoR


passes, it was clear that four components were present.
Resolution was further improved after 8 passes (the maximum
possible while retaining all of the components in the cIM
device). This indicated that a required IMS resolutionR of∼185
Ω/ΔΩ10 was required to resolve these components. As
described above, after 8 passes, the components had filled the
cIM device such that increasing the separation time further
would produce “wraparound”, i.e., causing the first peak (highest
mobility) to overtake the last peak (lowest mobility).
The LC-cIM-MS data obtained following 8 passes of the cIM

device were used to compare the identification of transacylation
products by LC retention time and ion mobility. The two-
dimensional (2D) heat map view of ionmobility data for the LC-
cIM-MS analyses is shown in Figure 4.
Comparing these data with Table 1 confirmed that the order

of acyl glucuronides from low to high is 4-O, 3-O, 2-O, and 1-O
with good separation of the 4-O and 1-O isomers, while the 3-O
and 2-O species remained unresolved even after 16 passes
(Figure S8). Additional peaks coeluting with the 2-O, 1-O, 3-O,
and 4-O (peaks i and ii, iii, iv, and v and vi, respectively)
components are also shown in Figure 4. These may arise from
the presence of both the α/β-anomeric forms of the respective
AGs as, as indicated above, these are known to interconvert on
the LC time scale.19 Alternatively, theymay represent protomers
of these AGs or potential boat and chair conformations of the
glucuronic acid moiety. The mobility selected mass spectra for
these peaks are shown in Figure S8, and these data show similar
ions to those observed for the major isomers.
From these data, it was determined by comparison of the

responses observed with those seen by infusion that the 1-O, 2/
3-O, and 4-O isomers had arrival times following 8 passes of
approximately 173.2, 163.5, and 166.1 ms, respectively, under
the conditions employed. After ejection of the component with a
drift time of 157.9 ms and the 1-O isomer (173.2 ms), the
remaining components were further separated. After a further 8
passes (16 in total, ∼260 Ω/ΔΩ), increased separation of the
retained components was observed and further separation of the
4-O-isomer from the 2/3-O-isomer mixture was observed
although separation of the 2-O and 3-O components was not
seen (Figure S9). The data from this experiment were utilized to
provide a more accurate measurement of the response derived
from 4-O anomers and the 2/3-O isomers.
The 1-O-acyl isomer was well separated from the other

isomers by the cIM and, while not resolving all of the other
isomers, was therefore clearly suitable for transacylation reaction
monitoring and determination of the half-life of the 1-O-acyl
form of DAG. As such, it would therefore be useful as a means of
generating this surrogate measure of reactivity. To demonstrate
this application, DAG was added to 10 mM ammonium acetate
buffer at pH 8.5. As the purpose of this experiment was simply to
demonstrate the potential for the use of the cIM system for
measurement of transacylation rates, the study was performed at
an ambient temperature (∼20 °C), with a pH of 8.5 used to
accelerate the transacylation rate. The reaction was then
monitored on the instrument with data acquired from 5 min
at various intervals up to 5 h. At each time point, data were
acquired using 8 passes and, with isolation, 16 passes as
described above. Responses were obtained by integrating the
peaks in the 8-pass ATD plot data, and the area for the partially
resolved peaks was proportioned using the relative response
obtained from the 16-pass ATD data. The relative response of
the various isomers determined by integrating the peaks in the
ATDs is shown in Table 2. In Figure 5, the rapid depletion of the

1-O-acyl species and the sequential appearance of the other
species, as would be expected, is shown obtained in this way. For
comparison, the usual approach for monitoring the trans-
acylation, i.e. measurement of the various isomers with a single
LC-MS analysis for each time point, is shown in Figure 5a. The
LC-MS data shows a similar pattern to the infusion data;
however, as illustrated by the uneven degradation profiles, there
was perhaps greater variability compared to the infusion study.

Table 2. Response of Various Isomers Observed in the
Incubation at pH 8.5 Expressed as Percentage of the Total
Response at a Given Time Point Following Analysis by
Infusion into the cIM-MS

normalized response (%)

incubation time (h) 1-O-acyl 2/3-O-acyl 4-O-acyl

0.083 37 58 0
0.25 29 65 2
0.5 23 69 4
1.0 15 68 13
1.5 11 63 22
2.0 10 57 28
2.5 8 55 33
3.0 7 49 40
3.5 6 46 43
4.0 6 42 48
5.0 5 40 50

Figure 5. (a) Relative amounts of 1-O-, 2-O-, 3-O-, and 4-O-DAG
observed over 0−3.5 h when incubated at pH 8.5 at room temperature,
obtained by LC-MS analyses on the Synapt XS. A single measurement
was made at each time point. (b) Relative amounts of 1-O-, 2/3-O-, and
4-O- DAG observed from 0 to 5 h when incubated at pH 8.5 at room
temperature obtained by infusion and with multiple-pass analysis of the
cIM device.
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Under these experimental conditions, the initial half-life
(measured up to 1.5 h) for the disappearance of the 1-O-DAG
was 0.81 h, which is in good agreement with an LC-IM-MS value
of 0.95 h and demonstrates the validity of measuring stability
using infusion with cIM-MS analyses. The kinetic distribution
for the disappearance of 1-O-DAG is shown in Figure S1. For
comparison, a half-life of 0.7 h obtained in buffer at pH 7.4 and at
37 °C has previously been reported.2

The reactivity of acyl glucuronides has been the cause of
concern, e.g., refs 3−6 for many years because of their possible
toxicity. As a result, there has been much research into methods
for determining the stability of the 1-O-acyl glucuronides (and
their transacylation rates), which have been used as surrogates
for potential toxicity. These methods have employed a range of
analytical techniques including, e.g., LC-UV,8 LC-MS,9,20,25,26

NMR spectroscopy,7,9,20 and LC-NMR spectroscopy.19 The
results described here show the potential of ion mobility, using
the cIM device, to rapidly determine the transacylation kinetics
of acyl glucuronides such as DAG. The speedwith which this can
be performed means that even very rapidly transacylating AGs
could be measured in real time via constant infusion or rapid
sampling techniques, and these experiments could be performed
at physiological pH and temperature. Modern autosamplers
have a cycle time of 1 min or lower; therefore, it would be facile
to obtain 60 data points per hour, which is superior to the
throughput that can be achieved by other techniques.
Alternatively, the transacylation rates of a number of separate
incubations (e.g., of either a range of different AGs or the same
AG incubated at different pH values, etc.) could be rapidly
determined in the same experiment allowing the screening of the
likely reactivity of such metabolites to be conducted as a routine
part of drug discovery.

■ CONCLUSIONS

The cIM instrument was demonstrated to be able to separate the
1-O-acyl and 4-O-acyl glucuronide isomers of diclofenac, both
from each other and from the 2/3-O-acyl isomers. The
methodology was rapid compared to more conventional LC-
based methods (ms vs min) and would, with development,
enable near-“real-time” transacylation kinetics to be performed.
While the CCS predictions that were made were not in complete
agreement with the actual measured CCS values for the DAG
transacylation products, they did correctly predict that
separation might be possible and that the 2- and 3-O-acyl
isomers would be the most difficult to resolve. Under the
conditions employed, the 2- and 3-O isomers were not resolved;
however, with further investigations or IMS development, the
separation of even these isomers might be possible. While too
much should not be read into the results for a single acyl
glucuronide, should this ability to separate the 1-O-acyl form
from the transacylated products extend to the acyl glucuronides
of other compounds, this could offer considerable benefits.
Thus, while both LC-MS and cIM can be used to determine
transacylation kinetics, the latter is much faster and provides the
potential for high-throughput analysis of these reactive
metabolites.
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