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Abstract

Oleuropein (OE) is a secoiridoid glycoside, which occurs mostly in the Oleaceae family presenting several
pharmacological properties, including antioxidant, cardio-protective, anti-atherogenic effects etc. Based on these
findings OE is commercially available, as Herbal Medicinal Product (HMP), claimed for its antioxidant effects. As
there are general provisions of the medicine regulating bodies e.g. European Medicines Agency, the quality of the
HMP’s must always be demonstrated. Therefore, a novel LC-MS methodology was developed and validated for the
simultaneous quantification of OE and its main degradation product, hydroxytyrosol (HT), for the relevant OE claimed
HMP’s. The internal standard (IS) methodology was employed and separation of OE, HT and IS was achieved on a
C18 Fused Core column with 3.1 min overall run time employing the SIM method for the analytical signal acquisition.
The method was validated according to the International Conference on Harmonisation requirements and the results
show adequate linearity (r?> > 0.99) over a wide concentration range [0.1-15 pug/mL (n=12)] and a LLOQ value of 0.1
ug/mL, for both OE and HT. Furthermore, as it would be beneficial to control the quality taking into account all the
substances of the OE claimed HMP’s; a metabolomics-like approach has been developed and applied for the total
quality control of the different preparations employing UHPLC-HRMS-multivariate analysis (MVA). Four OE-claimed
commercial HMP’s have been randomly selected and MVA similarity-based measurements were performed. The
results showed that the examined samples could also be differentiated as evidenced according to their scores plot.
Batch to batch reproducibility between the samples of the same brand has also been determined and found to be
acceptable. Overall, the developed combined methodology has been found to be an efficient tool for the monitoring
of the HMP’s total quality. Only one OE HMP has been found to be consistent to its label claim.
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Introduction antiatherogenic [11], anti-inflammatory [12,13], antidiabetic

Oleuropein (OE) is a natural secoiridoid glycoside, occuring
mainly in the Olea genous of the Oleaceae family and it is the
most well studied phenolic compound in olive cultivars [1-3].
OE is one of the many individual components of the
Mediterranean diet and it has been proved to be exhibiting
protective activity against an array of common chronic
pathological conditions [4,5]. The molecule has been shown to
exert several pharmacological properties, including antioxidant
[6], antimicrobial [7], cardioprotective [8,9], anti-ischemic [10],
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[14], antiproliferative in prostate cell lines [15] etc. Thus,
several formulations of OE are commercially available in many
countries (approximately 23), as food supplements or herbal
medicinal products (HMP) [16]. lts main degradation product,
which is also a natural occurring substance in olive products, is
hydroxytyrosol (HT), which also exhibits several interesting
biological properties [17].

As HMP is defined “any medicinal product, exclusively
containing as active ingredients one or more herbal substances
or one or more herbal preparations, or one or more such herbal
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substances in combination with one or more such herbal
preparations” [18]. Furthermore, as stated by the European
Medicines Agency (EMA), ‘“irrespective of the regulatory
pathway to access the market, the quality of the herbal
medicinal product must always be demonstrated” [19]. HMP’s
are products of high commercial interest as proved by the wide
increase of their use worldwide but due to their high profitability
a series of concerns are rising regarding their quality. Thus
new reliable and fast quality control methodologies are required
for the assessment of HMP’s quality, in order to meet the
appropriate standards required for the protection and
promotion of public health. It should be noted that the quality
control of HMP’s represents a demanding task, as they are
usually complex mixtures, extracts or enriched extracts, often
containing several hundreds of minor constituents that are
impossible to be accurately quantified one by one, taking into
account the current status of instrumental capabilities. It is also
widely known that synergistic interactions are of vital
importance in phytomedicines [20], plant extracts and HMP’s,
with one or a few ingredients determining their therapeutic
effects but the synergy of all the substances yielding the
optimum therapeutic efficacy or possible toxicity on the other
hand. In other words, the beneficial effect of a plant extract or
HMP cannot be attributed to one single substance, but is the
result of the synergistic interplay between many extract's
constituents, usually called the multicomponent system. The
aforementioned biological activities represent the health claims
registered to the corresponding regulatory bodies. Thus it is
evident that the quality control of HMP’s as a whole represents
an extremely demanding task, as according to the
aforementioned concepts, the accurate quantification of each
one of several hundreds of minor constituents cannot be
performed. On the other hand the measurement of the quality
of HMP’s taking into account as many constituents as possible
is crucial and at least the batch to batch reproducibility of such
products should be demonstrated, as it ensures the same
biological activity (due to both the main constituent and the
synergistic effects) for the patients receiving the selected
commercial formulation. Overall the quality control of the
HMP’s as a whole should also be controlled and reported. In
the current work the term “total quality” reflects not only the
accurate quantitation of the main bioactive substance (OE) but
also the simultaneous evaluation of the total phytochemical
profile of the investigated OE claimed HMP’s in each
formulation.

Many analytical methods have been developed for the
determination of OE in various matrices such as olive oil [21],
table olives [22], byproducts [23] and biological fluids [24].
Thus, OE has been analysed employing HPLC-UV [25], HPLC-
fluorescence [26] and HPLC-MS/MS [23,27]. Other methods
besides liquid chromatography have also been employed such
as GC-MS [28], capillary electrophoresis [29] and FT-IR [30].
However no analytical methodologies have been developed
and validated for the simultaneous quantification of OE and its
main degradation product HT in HMP’s. In order such
methodologies applied in industrial environments should exhibit
high turnaround time, with minimal sample preparation and fast
analysis duration. For this purpose, a novel, rapid and high
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throughput LC-MS analytical methodology was developed and
validated according to the International Conference on
Harmonisation (ICH) requirements [31], for the simultaneous
quantification of OE and HT in a selected range of OE
commercial HMP’s. This methodology allows for the targeted
determination of the two analytes in complex mixtures of
HMPS’s. As the modern chromatographic trend goes towards
fast analyses, the Fused Core column technology [32] has
been employed. Such columns can achieve ultra fast
separations even under HPLC conditions [33]. In addition,
emphasis was given to the isolation of the matrix of the HMP’s,
as it was necessary for the correct validation of the analytical
methodology. As already referred, HMP’s are highly complex
mixtures and thus it is difficult to simulate them artificially, in
order to accurately estimate various analytical parameters,
such as the matrix effect and the selectivity. For this purpose
isolation of the matrix of the HMP’s was performed, using an
adsorbent XAD — 7HP resin and the former has been used
throughout the validation procedure, e.g. in the same way
plasma [34,35] or urine [34] are used in the bioanalytical
method validation. The first aim of the current work was to
develop and validate a rapid, sensitive and accurate
methodology, to quantify simultaneously OE and HT in
commercial HMP’s and apply this methodology to selected OE
containing HMP’s in order to access their conformity according
to their label claim.

Although LC-MS based approaches are widely employed for
the targeted quantification of the major bioactive components
of the corresponding HMP’s, similar approaches for the
evaluation of HMP’s regarding their profiling as well as their
total quality control are less common, partly because they are
more demanding in terms of instrumentation and data
evaluation. It should be noted that hyphenated high resolution
techniques such as UHPLC-HRMS (orbitrap or qQToF) are
commonly recommended for the profiling of extracts and
therefore for the assessment of HMP’s quality control, because
they offer high separation ability and simultaneously the ability
to record accurate mass data of the all the contained HMP’s
substances [36]. Such analytical methodologies in combination
with Multivariate analysis (MVA), such as principal component
analysis (PCA) or partial least square analysis (PLS), enable
the comprehensive assessment of complex HMP’s and sample
classification of diverse status, origin or quality in samples. This
approach uses the same principles as metabolomics, which is
a branch of science that concerns the total metabolome of
integrated biological systems as well as the dynamic responses
to the alterations of endogenous and/or exogenous factors [37].
A second aim of the present study is to develop a
metabolomics-like approach, combining UHPLC-(-ESI)-HRMS
and MVA for studying the “total quality” characteristics of the
selected HMP’s in terms of their minor component uniformity
with the aid to assess their batch to batch reproducibility.

Overall, in the current study, an HPLC-(-ESI)-MS and an
UHPLC-(-ESI)-HRMS approach were developed in order to
evaluate the holistic qualities of commercial OE claimed
HMP’s, exploring both the quantity of the bioactive compound
(OE) in different commercial OE claimed product and the
similarity of their phytochemical profiles.
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Figure 1. Structures of OE (a), HT (b) and the IS (2,4-dinitrophenol) (c).

doi: 10.1371/journal.pone.0078277.g001

Materials and Methods

Chemicals and Reagents

The analytical reference standards, OE and HT (Figure 1),
were isolated from olive leaves and olive mill wastewater
respectively based on previously described procedures [10,38].
No specific permissions were required as the examined plant is
an endemic species widely spread in the Mediterranean region,
as well as in Australia, the American continent, Africa and Asia.
Furthermore Olea europea is not included in any list of
endangered or protected species.

Their purity was found to be more than 98% (HPLC-UV) and
their structures were identified by High Resolution Mass
Spectrometry (HRMS) and 1 & 2D NMR. The internal standard
(IS), 2,4-dinitrophenol (Figure 1), was purchased from Sigma —
Aldrich (Greece). All solvents used in this study were of LC-MS
grade. Acetonitrile (ACN), methanol (MeOH), water and formic
acid, were purchased from Fluka/Riedel-de Haén
(Switzerland). 2,2-Diphenyl-1-picrylhydrazyl (DPPH) for DPPH
experiments was purchased from Sigma — Aldrich (Greece).
Absolute ethanol for DPPH dissolving was purchased from
Sigma — Aldrich (Greece). The Amberlite XAD-7HP resin used
in the absorption experiment was supplied by Sigma — Aldrich
(Greece).

Samples

Five samples (a, b, c, d, e) from eight different production
batches (A, B, C, D, E, F, G, H) over a year of Brand1 (B1)
were analyzed. B1A batch, which was a special preparation for
further biological experiments, was containing a higher amount
of OE. All the other samples have been provided by the local
market. Thus five samples (a, b, c, d, e) from each of three
different vendors (two European and one Chinese) of OE
claimed HMP’s have been acquired from the local market.
[Brand2 (B2), Brand3 (B3), Brand4 (B4)]. A list of the samples
used for the analysis is tabulated in Table 1.
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Table 1. A summary of tested samples.

Brands (B) Brand1 (B1)

Batches (n=8) B1Aa...e"
B1Ba..
B1Ca...
B1Da...
B1Ea...
B1Fa...
B1Ga...
B1Ha...e

*. The following coding has been used. BxYz, x= brand, Y= batch, z= sample

Brand2 (B2)
B2Aa...e

Brand3 (B3)
B3Aa...e

Brand4 (B4)
B4Aa...e

o ®© o o © ®

number
doi: 10.1371/journal.pone.0078277.t001

Equipment

Nuclear Magnetic Resonance (NMR) spectra were recorded
with the aid of a Bruker Avance lll spectrometer operating at
600.11 MHz (Bruker Biospin GmbH, Reinsteten, Germany).
HPLC analyses for the quantification study were performed
employing a Surveyor system (Thermo Scientific, Germany)
equipped with a binary pump, an autosampler, an online
vacuum degasser and a temperature-controlled column
compartment. Mass spectrometry for the OE and HT
quantitation was performed on a single quadrupole MSQ mass
spectrometer (Thermo Scientific, Germany) connected to the
HPLC system. UHPLC for the quality control - multivariate
analysis study was performed employing an Accela system
(Thermo Scientific, Germany) equipped with a binary pump, an
autosampler, an online vacuum degasser and a temperature-
controlled column compartment. High-resolution mass
spectrometry was performed on a hybrid LTQ Orbitrap
Discovery XL mass spectrometer (Thermo Scientific,
Germany). Centrifuging was performed by a Mikro 200R
centrifuge (Hettich Lab Technology, Germany). Evaporation of
the samples was performed with the aid of a Buchi evaporator
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Table 2. Mass spectrometry parameters - SIM conditions.

MS Name Mass Time (min) Dwell Time Cone (V)
SIM HT 153 0-3.1 0.07 65
SIM 1S 183 0-3.1 0.07 65
SIM OE 539 0-3.1 0.07 75

doi: 10.1371/journal.pone.0078277.t002

system consisting of a rotavapor R-210, a vacuum pump V-700
and a vacuum controller V-850 (Buchi, Switzerland). A micro
plate Reader, Infinite M200® PRO (Tecan, Austria) was used
for the evaluation of the DPPH activity of the capsules.

Simultaneous quantification of OE and HT in HMP’s —
Validation of the analytical methodology

LC-MS Conditions. An Ascentis Express RP-C18 Fused
Core (100 x 2.1 mm, 2.7 pym) column (Supelco Analytical,
Germany) was used at a flow rate of 0.3 mL/min for the
chromatographic separation. The mobile phase consisted of:
solvents A - water, 0.1% formic acid and B - ACN. A gradient
methodology (total run time of 3.1 min) was used for the
separation of OE, HT and the IS as follows: 0 to 0.5 min: 90%
A: 10% B, 0.5 to 0.6 min: 70% A: 30% B, 0.6 to 1.5 min: 70%
A: 30% B, 1.5 to 2.5 min: 30% A: 70% B, 2.5 to 3.1 min: 90%
A: 10% B. The column temperature was kept at 30 °C
throughout all experiments and the injection volume was 10 L.

The mass spectrometer parameters (source temperature,
dwell time, cone voltage) were optimized for the selected ion
monitoring (SIM) mode in order to achieve optimal sensitivity
and selectivity (Table 2). Thus the mass spectrometer (MSQ)
was operated in the negative ion mode under the following
conditions: ESI voltage, -4500 V; source temperature, 450°C.
All compounds were analyzed as their respective deprotonated
ions [M-HT.

Preparation of the matrix. Initially, 2.1 g of capsules
content were dissolved in 100 mL of HPLC grade water and
sonicated for 5 min. The preparation of the resin was as
follows: 150 g of XAD — 7HP resin were placed in a separation
funnel, washed by 100 mL HPLC grade water, in order to
remove any suspended solids and subsequently the resin was
regenerated by concurrent feeding of 100 mL MeOH. In a final
step, the resin was washed with 150 mL HPLC grade water
prior to its use. The aforementioned capsule’s content solution
(100 mL) was loaded onto the XAD — 7HP resin. The eluate
was collected and the solvent was evaporated using a rotary
evaporator, affording a dry residue of 1.5 g. The absence of OE
and HT was confirmed by LC-MS analysis employing the
developed quantitation methodology. Thus, this eluate has
been used as matrix throughout the validation procedure.

Preparation of standard solutions, calibration curve and
quality control (QC) samples. 14.57 mg of matrix was
suspended in 2.43 mL MeOH, followed by brief vortexing
affording a suspension of 6 mg/mL. Consequently the
suspension was sonicated for 5 min, centrifuged (12,000 rpm)
for 3 min, and the supernatant was transferred into a glass tube
and diluted 1/100 (v/v %) in aq. 0.1% formic acid/ACN 90/10
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(v/iv %) giving a solution 60 pg/mL of the matrix (Matrix-
Matched Solution, MMS). An aliquot was transferred to an
appropriate vial (1.8 mL) for LC-MS analysis. The MMS was
used throughout all the validation procedure. Stock solutions of
analytes, OE, HT and IS, were prepared at concentration of 1
mg/mL in MeOH and stored in the dark at 4 °C. Working
solutions were daily prepared by diluting appropriate volumes
of stock solutions in MMS to obtain 100 pg/mL solutions for
each analyte of interest. The IS working solution was prepared
by diluting an appropriate volume of the corresponding stock
solution in MMS, in order to obtain a 20 ug/mL concentration
level. The calibration curves covered the range 0.1 - 15 pyg/mL
for both analytes, whereas the concentration of IS was 2
ug/mL. Different sets of solutions were prepared specifically, in
order to be used as QC samples. QC samples were prepared
in the same way at three concentration levels, a low (LQC 4.0
pg/mL), a medium (MQC 9.0 pg/mL) and a high (HQC 12.5 pg/
mL).

Sample Preparation — Extraction Protocol. A total of fifty-
five capsules, 5 from each brand and/or batch were processed
(see Table 1). Samples were prepared for LC-MS analysis
according to the following protocol: The content of each
capsule was suspended in MeOH followed by brief vortexing,
affording a suspension of 6 mg/mL. The samples were
sonicated for 5 min, subsequently centrifuged (12000 rpm) for
3 min, and the supernatant was transferred into glass tubes
and diluted 1/100 (v/v) in ag. 0.1% formic acid/ACN 90/10 (v/v).
An aliquot of the samples at the expected concentration level of
60 pug/mL was transferred to appropriate vials for analysis by
LC-MS.

Quantification. Quantification was performed employing the
SIM negative ion mode for OE (MW: 540 g/mol), HT (MW: 154
g/mol) and IS (MW: 184 g/mol). The ion beams (m/z 539 for
OE, m/z 153 for HT and m/z 183 for IS) were optimized by
adjustment of the cone voltage, the probe temperature and
dwell time for each compound. An FWHM value of 0.7 was
used throughout all quantification experiments. The IS
methodology has been employed for the quantification of both
analytes based in the calculation of the peak — area ratios of
each analyte to that of IS.

Validation of the analytical methodology. The method
validation was performed in accordance to the International
Conference on Harmonisation (ICH) Q2 (R1) guidelines by
evaluating stability, specificity, linearity, precision, accuracy,
quantitation and detection limit, robustness and system
suitability parameters [30].

Specificity — Recovery - Matrix Effect. Specificity has
been examined by the injection of six individually prepared
MMS solutions and the presence of possible interferences at
the corresponding t; of the analytes and the IS was
investigated. The matrix effect was evaluated comparing the
slope of two calibration curves, one prepared in aq. 0.1%
formic acid/ACN 90/10 (v/v) and the other prepared in MMS, as
described above. Recovery was determined at the three
different QC levels (LQC, MQC and HQC), by comparing the
concentration of analytes determined for matrix samples (n=5)
spiked with the analytes before the extraction (samples
prepared by spiking the MMS in the dry state with the
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appropriate volumes from the standard stock solutions of
analytes and the IS and air dried in room temperature in order
to remove the solvent), with the corresponding areas of MMS
samples spiked with the target analytes at the same
concentration post-extraction. The same procedure was
employed for the determination of the IS recovery.

Regression model. Calibration curves ranging from 0.1 to
15 ug/mL for both analytes of interest were constructed and
analyzed on three separate days and fitted using linear
regression analysis employing 1/x weighting. The 0.0 point was
neither included as a point nor the calibration curve was forced
to pass through it.

Quantitation and detection limit. The LOQ was calculated
comparing measured analyte signals with those of blank
samples (samples not spiked with analytes) and establishing
the minimum concentration at which the analytes can be
reliably quantified leading to a typical signal-to-noise ratio of
10:1. The LOD was calculated in the same manner by
comparing measured analyte signals from samples with known
low concentrations to those of blank samples and establishing
the minimum concentration at which the analytes can be
reliably detected with a signal-to-noise ratio of 3:1.

Repeatability, intermediate precision and accuracy. Five
replicates of each QC sample at the three QC concentration
levels (LQC, MQC, HQC) as well as at the limit of quantitation
(LOQ) and upper limit of quantitation (ULOQ), were determine
in order to evaluate the repeatability and the intermediate
precision of the assay. The results were expressed as the
standard deviation (SD) and the relative standard deviation
(%RSD) for all QC, LOQ and ULOQ samples. Accuracy was
determined for the same samples as the % standard error (%
Er) between the mean concentrations calculated and the
nominal concentrations.

Robustness. For the establishment of the method’s
robustness, experimental conditions were deliberately altered
and several parameters were calculated. This was achieved by
altering three conditions by +5%: setting the flow rate of the
mobile phase at 0.285 mL/min and 0.315 mL/min, the column
temperature at 28,5 °C and 31.5 °C and the capillary
temperature at 427.5 °C and 472.5 °C. All experiments were
performed at the MQC Ilevel (n=5) calculating the
chromatographic peak area of each analyte, the retention time
(tz), the 10% peak asymmetry, the 10% peak width and the
USP theoretical plates number. The results were expressed as
%RSD.

Total quality control of HMP’s

The same samples (section 2.2) have also been used for the
total quality control of HMP’s.

UHPLC-HRMS Analysis. A Hypersil Gold C18 50 x 2.1, 1.9
um reversed phase column (Thermo Scientific, Germany) was
used at a flow rate of 0.35 mL/min for the chromatographic
separation. The mobile phase consisted of solvents A: water,
0.1% formic acid and B: ACN. A gradient method (total run time
of 11 min) was used for the profiling of the samples as follows:
0 to 8 min: 95% A: 5% B, 8 to 8.5 min: 60% A: 40% B, 8.5t0 9
min: 5% A: 95% B, 9 to 9.5 min: 95% A: 5% B, 9.5 to 11 min:
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95% A: 5% B. Column temperature was kept at 30 °C
throughout all experiments and the injection volume was 4 pL.

A hybrid high resolution mass spectrometer (LTQ-Orbitrap
Discovery) operating in negative ion mode under the following
conditions: capillary temperature, 430°C; capillary voltage, -60
V; tube lens, -90 V; source voltage, 3.30 kV; sheath gas flow,
50 arb. units; aux gas flow, 30 arb. Units has been employed.
Analysis was performed in the full scan ion mode, using a
resolution of 30000.

DPPH radical scavenging assay. The antioxidant capacity
of the OE claimed HMP’s was measured employing the DPPH
radical scavenging method [39]. Briefly, a DPPH solution was
prepared daily dissolving 12.5 mg in 100 mL of absolute
ethanol and stored at 4 °C in the dark until use. All tested HMP
samples were diluted in MeOH up to a concentration level of 6
mg/mL. A 7 pL aliquot of each HMP sample solution was
added to 193 pL of the DPPH solution into a 96-wellplate to
complete the final reaction. After 30 min at room temperature in
the dark, the absorbance was measured at 517 nm in a micro
plate spectrophotometer reader. The DPPH-ethanol solution
with the addition of 7 yL MeOH was used as a control sample.
Gallic acid was used as a reference for the DPPH radical
scavenging method. Measurements were performed in
triplicate using the Magellan software (Tecan, Austria) and the
results were expressed as mean + %RSD.

Data Analysis. Data pre-processing for the multivariate
statistical analysis was performed using the MZmine — 2.2
software (http://mzmine.sourceforge.net). The procedures of
peak detection, deconvolution, normalization, deisotoping and
alignment have been applied to data directly imported as raw
files from the mass spectrometer. The generated peak list
(accurate mass - retention time vs intensity) has been exported
and manipulated to Excel using the CONCATANATE, ROUND
and TRANSPOSE commands. The generated .xls file has been
exported to SIMCA P+ 10.5 (Umetrics, Umea, Sweden) for the
multivariate analysis.

Principal Component Analysis. PCA has been performed
using both unit variance and Pareto scaling; confidence level
on parameters was set at 95% whereas 200 maximum
iterations have been employed. The scores values have been
used for the evaluation of the results. The R? value has been
used in order to evaluate the optimal number of contributing
parameters. A cut-off value of 10% explained variance has
been used for the optimal number of pc’s kept for the
construction of the PCA model.

Results and Discussion

An outline of the described methodology is depicted in Figure
2.

Simultaneous quantification of OE and HT in HMP’s —
Validation of the analytical methodology

LC-MS conditions.  Chromatographic conditions were
analyzed by varying parameters such as mobile phase,
gradient elution type, flow rate, type of column chemistry (C18
& C18-NPS, C8, and Phenyl) and column geometries (250 x
4.6 mm, 5um; 100 x 2.1 mm, 5um; 50 x 2.1 mm, 5um, 100 x
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analytes (OE and HT) in HMP’s
using Matrix - Matched Solution
(MMS)

Validation International
Conference on Harmonisation
(ICH) of technical requirements
for registration of pharmaceuticals
for human use

Workflow of the developed total quality control methodology. The right part of the figure corresponds to

quantification of OE and HT in selected OE claimed HMP’s and the left part corresponds to the metabolomics-like quality control

methodology of the selected OE claimed HMP’s.
doi: 10.1371/journal.pone.0078277.g002

21 mm, 2.7 um). Employing the described methodology
(section 2.4.1) on an Ascentis Express C18 (Fused Core) 100 x
2.1 mm, 2.7 ym reversed phase column, sharp peaks were
achieved leading to enhanced signal intensity and adequate
resolution of the analytes from possible interfering components.
Furthermore the total analysis time did not exceeded 3.1 min
affording a rapid chromatographic methodology. Resolution
between all the chromatographic peaks was greater than 2,
which ascertains that all analytes are baseline separated.

Mass spectroscopic parameters (Table 2) were optimized in
order to achieve the highest signal for all compounds of
interest. In addition, optimization of scan and dwell time
afforded well described peaks and highly stable signals.

Matrix Preparation. Isolation of the matrix was achieved
following the described methodology (section 2.4.2) and the
absence of OE and HT was confirmed using the developed LC-
MS method. A typical LC-SIM chromatogram of matrix used as
the blank solution is shown in Figure 3a. The adsorbent XAD —
7HP resin can selectively retain the polyphenolic content of the
extract (capsules) whereas the remaining compounds (matrix)
are eluted during the procedure. As the OE and HT represent
the main polyphenolic compounds of this extract (olive leaf
extract), it is anticipated that the resulting eluate i.e. the matrix
used, closely resembles the initial extract (capsule).

Sample Preparation - Extraction Protocol. For the
efficient cleanup of the capsule samples and the isolation of the
analytes, many different protocols were evaluated for the
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sample preparation, such as solid phase extraction and solid -
liquid extraction with various solvents such as MeOH, ethanol,
propanol and water. Solid - liquid extraction with MeOH was
chosen as it ensured good extraction efficiency and high
reproducibility for all analytes (OE and HT) and the IS and no
interference from many co-eluted components of the capsules,
whereas the analysis cost and the corresponding time
remained at a minimum in terms of sample preparation.

Quantification. Quantification was performed in the SIM
negative ion mode for OE, HT and IS. In this study, 2,4-
dinitrophenol was chosen as the IS for the LC-MS method
since it exhibited high and repeatable recovery and
chromatographic behavior with the analytes, it has been shown
to be stable under the described experimental conditions
(chemical and signal stability), and it did not interfere with the
analysis of the compounds of interest. Figure 3b shows
chromatograms for the MMS spiked with OE, HT and IS at the
2 pg/mL level. Blank extracts (MMS) that were processed using
the described methodology, produced no discernible peaks for
OE, HT and IS (shown in Figure 3b).

Specificity — Recovery - Matrix Effect. The specificity was
evaluated and no interference was found to the corresponding
tz of the analytes and the IS. The matrix effect was evaluated
by comparing the slopes of two calibration curves, one
prepared in aq. 0.1% formic acid/ACN 90/10 (v/v) and the other
prepared in MMS, as described above. The slope ratios were
found to be 0.85 and 0.94 for OE and HT respectively. The
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Figure 3. Typical chromatograms of the targeted quantitation of OE and HT using the proposed methodology. a. LC-SIM
chromatogram of matrix used as the blank solution (MMS), b. LC-SIM chromatogram of the MMS spiked with OE, HT and IS at 2
pg/mL. The ions monitored were m/z 152.5-153.5 for HT (i), m/z 182.5-183.5 for the IS (ii) and m/z 538.5-539.5 for OE (iii)

respectively.
doi: 10.1371/journal.pone.0078277.9g003

data exhibit that the analyte signal does not essentially alter
when the MMS was used.

Recovery was determined at the three different QC levels
(LQC, MQC and HQC) and calculated as %R=pre spiked
concentration of analyte/post spiked concentration of analyte x
100. High recovery rates render the method suitable for the
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analysis of OE and HT in the selected preparations (B1, B2, B3
and B4).

Regression model. Calibration curves of OE and HT were
linear over the range 0.1 - 15.0 pg/mL, with a correlation
coefficient (r?)>0.99. Typical equations for the calibration
curves are shown in Table 3 and were used for the quantitation
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Table 3. Typical equations for the calibration curves of OE
and HT.
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Table 5. Assayed OE and HT capsule content from the
different HMP’s analyzed.

AnalytesEquations R2
CoE =2.310°1 (+ 4.3 104) Area Ratio — 5.3 102 (+
3.0 102) R2 = 0.997 W: 1/X
CHT = 3.1 102 (+ 4.5 104) Area Ratio — 3.0 104 (+

HT 0.9993 1/X
3.1 10"4) R2 = 0.9993 W: 1/X

doi: 10.1371/journal.pone.0078277.t003

Weighting

0.997 1/X

Table 4. Validation results of the proposed methodology.

(n=5) Repeatability Intermediate Precision

Nominal OE [Mean* HT [Mean* OE [Mean* HT [Mean* OE % HT %

Accuracy

Value  SD?, sD?, sD3, sD?, Std  Std

(ug/mL) (%RSDP)]  (%RSDP)] (%RSDP)] (%RSDP)]  Error® Error®
146+07 149+02 147+06 161%14

uLoQ 150  10.1
(4.0) (1.0) 4.1) (9.3)
130+£0.8 120+03 120+04 126+0.7

HQC 125 1.7
(5.2) (2.3) (3.7) (5.2)
9.1+14 90+03  92+04 89+05

MQC 90 1.3
(14.9) (3.1) (4.0) (5.3)
41+0.1 3.9+0.1 43+0.2 42+03

LQc 40 03
(3.7) (2.3) (3.8) (7.9)
0.10+0.01 0.11+0.02 0.1+0.01 0.11+0.02

LOQ 0.1 3.8
(8.4) (14.4) (14.9) (18.9)

aStandard deviation, °% Relative standard deviation, % Standard error.
doi: 10.1371/journal.pone.0078277.t004

of OE and HT in OE claimed HMP’s. Performing a t-test it has
been also shown that the intercept was not significantly
different from 0, at the 95% confidence level.

Quantitation and detection limit. The LOQ of both for OE
and HT was found to be 0.1 pyg/mL and is determined with
acceptable accuracy and precision at this concentration level
according to the ICH regulations. The LOQ for both analytes
defined as the concentration that yielded a peak with a signal/
noise ratio of 10 and at least 3 times the response compared to
that blank extracts (samples not spiked with analytes).
Furthermore the accuracy, expressed as the relative
percentage error %Er was found to be lower than 3.8%
whereas the precision expressed as the %relative standard
deviation %RSD was found to be less than 14.9% for both
analytes at the LOQ level. The data are shown in Table 4. The
LOD was found to be 0.03 pg/mL for both analytes. The data
shows that the described method is of acceptable sensitivity for
the analysis of OE and HT in formulations.

Repeatability, intermediate precision and
accuracy. Repeatability, intermediate precision and accuracy
were determined by analyzing replicates (n=5) at the three QC
concentration levels (LQC, MQC and HQC), as well as at the
LOQ and ULOQ level. The repeatability derived from all QC
levels as well as LOQ and ULOQ, did not exhibit values more
than 14.4% for OE and more than 14.9% for HT respectively.
The intermediate precision did not exhibit values more than

PLOS ONE | www.plosone.org

n=5 OE HT
Mean (mg/cap) %RSD? Mean (mg/cap) %RSD*

Brand 1 (300 mg cap) 51,1 2,5 1,8 0,6

Brand 2 (150 mg cap) 8,9 0,6 NF

Brand 3 (450 mg cap) 26,1 1,0 NT

Brand 4 (200 mg cap) NF - NF

2 % Relative standard deviation.

NF Not Found

NT Not Trusted

doi: 10.1371/journal.pone.0078277.t005

14.9% for OE and 18.9% for HT respectively for all QC, LOQ
and ULOQ levels. The %Er derived was found to be within
1+10.1% for OE and +£2.7% for HT. The results of accuracy and
precision of the method for the two analytes are summarized in
Table 4 and proved that the described method can reliably use
for the quantitation of OE and HT in OE claimed HMP’s.

Robustness. To ensure the insensitivity of the HPLC
method to minor changes in the experimental conditions, it is
important to demonstrate the robustness of the analytical
method. None of the alterations caused a significant change
more than 2% for all the parameters examined, proving that the
method is sufficiently robust to be used for quality control
measurements. Thus, %RSD of the resolution between OE and
HT was found to be less than 2% when the conditions were
deliberately altered according to the robustness scheme.
Changing the flow rate of the mobile phase from 0.300 mL/min
to 0.285 mL/min and 0.315 mL/min the %RSD of the resolution
between peaks did not exceed 3.4%. It was also noticed that
changing the column temperature from 30 °C to 28.5 °C and
31.5 °C, the %RSD of the resolution between peaks was found
to be less than 1.5%. Furthermore, by altering the capillary
temperature from 450 °C to 427.5 °C and 472.5 °C the peak
area for all peaks was not significant affected.

Measurement of OE and HT in HMP’s. Quantification of
OE and HT in HMP’s was based on standard curves that were
prepared daily. From the analysis of the results it has been
found that only one brand, i.e. B1, was precise concerning the
content of OE in accordance to its label claim. In one brand,
B4, neither OE nor HT were found, whereas two brands, B2
and B3, were found to be out of their label claim. The content
of OE and HT (mg/Cap) in the examined OE claimed capsules
from different brands are shown in Table 5 and in Table S1.

Total quality control of HMP’s

Validation of UHPLC-HRMS analysis. In order to assess
the reproducibility of the method, ten QC identical samples
were analysed at the beginning and at the end of the
procedure. The variation of t; was less than 0.5% RSD and the
variation of accurate mass was less than 3 ppm, demonstrating
the excellent reproducibility of the procedure. Peak area RSD
was found to be lower than 6.2% for all the analytes.
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Figure 4. Linear regression of the % OE content in the capsules vs DPPH activity %, (the correlation coefficient was

found to be r? = 0.996).
doi: 10.1371/journal.pone.0078277.g004

Antioxidant activity. In order to gain insight to the possible
antioxidant activity of the different HMP’s, the DPPH radical
scavenging method was performed to the list of the examined
samples. As it shown in Figure 4 the inhibition caused by B1
samples was found to be higher than the inhibition caused by
B2 and B3 samples whereas B4 samples did not cause any
inhibition. Specifically, B1 antioxidant capacity was found to be
70.311.7, for B2 antioxidant capacity was found to be 16.8+2.6,
21.3+2.1 for B3 and no inhibition was noticed for B4. The
results show that the OE content (Figure 4) shows a high linear
correlation (DPPH Activity % = 4.1 x % OE/Cap — 2.2, r? =
0.996) to the total antioxidant capacity of the examined
samples.

MVA Analysis. MVA has been employed using the PCA
statistical model. Various parameters have been used, such as
different scaling e.g. UV or Pareto, and different combinations
of Q2 and R? in order to assess the number of factors that
described as much variance as possible without increasing the
complexity of the model excessively. The pareto scaling
method has been finally selected as it afforded tighter groups
with larger separation. An arbitrary cutoff value of 10% for the
explained variance for the pc’s has been employed, in an effort
to keep the simplest form for the PCA model. This has been
verified by the scree plot, which showed rapid inflection after
the second pc. Incorporation of more pc’s led to an insignificant
improvement of the model. Thus, only the two first pc’s have

PLOS ONE | www.plosone.org

been taken into account. In a first approach all samples were
included to the dataset, i.e. all samples from all the four Brands
i.e five random samples from eight different batches from B1
(B1A — B1H), i.e. seven production batches and one special
preparation batch, and in addition five random samples from
one batch from the rest of the brands (B2, B3 and B4). The
PCA analysis exhibited clear grouping of the different brand
samples examined. Thus the scores plot shown in Figure 5a
demonstrates the separation of the four brands in different
groups applying pareto scaling, which proves the ability of the
method to discriminate OE claimed HMP’s from different
manufacturers based not only on the target component quantity
but also on the overall profile of the extract. The most important
metabolites responsible for this grouping (loadings) are
summarized in Table S2 as marker ions, corresponding
retention times, possible identifications and their peak areas
and the relative peak areas. It should be noted that features
with identical m/z but different retention times possibly
correspond to isomers. Furthermore, an analysis for possible
adducts (M-H20-H, M-H, M+Na-2H, M+CIl, M+K-2H, M+FA-H,
M+Br, 2M-H, 2M+FA-H) has been performed for all the
features in order to verify the possibility of occurrence of
chromatographic peaks due to adduct formation. The first pc
holds for the largest part of variation (30.8%) between the
different brands, while the second pc holds for the 11.1% of the
variation.
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Figure 5. Multivariate analysis of the data obtained from the untargeted quality control approach. a. PCA scores plot of the
four brands (B1-B4) (n=5 capsules) and the different preparations of B1 (B1A-B1H) (n=5 capsules) obtained after pareto scaling.
PCA analysis shows clear grouping of the different examined samples and indicates the excellent batch-to-batch reproducibility
obtained from B1, b. PCA based batch to batch reproducibility of the total content of Brand 1. The production batches exhibit low
batch to batch variability (<1 SD values) based on their total chemical content. The special preparation batch is separately grouped.

doi: 10.1371/journal.pone.0078277.9g005

As described before the second major target of the current
work was to examine the quality of the production procedure of
HMP’s, based on the uniformity of the contained minor
substances profile and not only taking into account the content
of the active label substance OE for establishing the batch-to-
batch reproducibility of the finished products. Such an
approach will ensure the proper, within specifications,
pharmacological activity of the HMP’s respecting possible
synergism concerns. This can be assured not only residing in
the content uniformity concerning the concentration of major
compound, but also controlling the amounts of the minor
constituents between bathes. Hence, concerning the Brand B1,
eight different batches were sampled and analyzed by the
described UHPLC-HRMS methodology in order to assess the
batch-to-batch reproducibility based on their total chemical
content. Figure 5b shows only the B1 samples (production
batches and the special preparation batch) for reasons of
clarity, i.e. the MVA is not confounded by the presence of the
other brands, which could potentially lead to tighter grouping of
the production batches due to the large separation distance
from the other batches in pc1 as can be seen in Figure 5a. It is
clear that all data points from the production batches lie within
one SD from the mean, whereas the special preparation batch
lies near or above the 2 SD limit. This reflects the excellent
batch-to-batch reproducibility obtained from the production
batches of B1 and furthermore it proves that the even a slightly
different preparation (B1A) from the same production line (B1B-
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B1H) could be distinguished. Thus it seems that any “out-of-
specification” batches could be easily detected. It is also
evident from Figure 5a that the different preparations of B1
(B1A vs. B1B-B1H) can separate according to the second
principal component (pc2) whereas in the first principal
component (pc1) they seem indistinguishable, proving that
slight differences play a critical role in the grouping of them.
Overall it could be reasonably proposed that the quality of
HMP’s could be divided in two parts the first one concerning
the active ingredient content whereas the second part should
involve the reproducibility of the overall production reflecting
the total quality of the extract used as well as the production
procedures. Thus extracts from different sources or undergone
different production procedures (e.g. longer storage, different
storage temperature, differentiated production procedures etc.)
could potentially lead to essentially different products from the
pharmacological point of view. In the current work a workflow is
proposed in order to overcome such issues.

Conclusion

Overall an LC-(-ESI)-MS method in the SIM mode for the
quantification of OE and its main degradation product, HT, in
different selected commercial OE claimed HMP’s was
developed and validated according to the ICH requirements.
Despite the fact that SRM mode in MS is considered as more
sensitive and selective, such instrumentation is rather
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expensive and complicated. Thus, an SRM based methodology
is not fit of purpose for the current analysis, considering also
the fact that the targeted compounds are present in large
amounts to the HMP’s under investigation. Results regarding
specificity, recovery, matrix effect, regression model,
quantitation and detection limit, repeatability, intermediate
precision, accuracy and robustness are satisfactory, and the
developed method is applicable for its intended purpose.
Furthermore, a simple and inexpensive sample preparation
procedure followed by a fast analytical run of 3.1 min (UHPLC-
like analysis on a Fused Core column) to analyze and quantify
all analytes as well as the IS has been employed. Unlike the
common practice, the matrix of the OE claimed HMP has been
isolated and used in order to assess critical parameters such
as the matrix effect; a crucial parameter that should be always
considered when dealing with MS based detection.

The measured content of OE in the preparation B1 was in
agreement with the concentration reported on label, and
confirmed the validity of the developed method. In contrast,
preparation B2 and B3 were out of specification whereas in B4
OE was found to be completely absent. In fact three out of four
preparations were not compliant to the specifications, thus
verifying the need of new validated methodologies for the
quality control of HMP’s.

Additionally a UHPLC-(-ESI)-HRMS-based metabolomics-
like approach was developed in order to evaluate the holistic
quality of the four different brands of commercial OE claimed
HMP’s. By this approach, certain quality issues of commercial
OE claimed HMP’s were revealed. The data obtained by the
present investigation led to a satisfactory and quick
characterization methodology of complex mixtures of HMP’s.
Nevertheless, it should be noted that UHPLC-(-ESI)-HRMS-
based profiling is more sensitive but less reproducible than its
NMR counterpart, which is less sensitive but more
reproducible. Thus, NMR based profiling could be an attractive
alternative in this issue.

This work could potentially consist the basis for further
investigation on the quality control and the stability of
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