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Preface to ”Recent Trends in Pharmaceutical

Analytical Chemistry”

We are proud to announce the launch of the present Special Issue on “Recent Trends in

Pharmaceutical Analytical Chemistry” published in the international journal, Molecules.Modern

analytical chemistry plays a vital role in pharmaceutical science. It provides precise and accurate

data supporting processes related to drug discovery and development. Some paradigms comprise

the purity of drug substances during synthesis, pharmacokinetic studies, drug stability, elucidation

of the drug metabolic pathways, drug–protein interactions, etc. New methodologies, state-of-the

art instrumentation and materials, and automated systems—offering precise and accurate analytical

data—have become essential prerequisites in this field. Moreover, chemometrics have proven to

be a beneficial tool for the optimization of method parameters and can also be used to identify

and minimize the sources of variability that may lead to poor method robustness.The participation

of colleagues from all over the world has been an impressive feat, and following the peer-review

and evaluation phases of the articles, this Special Issue is finally composed of twelve up-to-date

research articles covering various topics. We hope readers will find the publications interesting and

informative.As Guest Editors of this Special Issue, we are sincerely grateful to all the contributors

for their outstanding cooperation and valuable support. Special thanks are also warranted to all the

peer reviewers for their valuable suggestions and criticisms that were instrumental in improving the

quality of manuscripts.

Constantinos K. Zacharis, Aikaterini Markopoulou

Editors
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Modern analytical chemistry plays a vital role in pharmaceutical sciences. It provides precise and
accurate data supporting the processes related to drug discovery and development. Some examples
include the purity of drug substances during synthesis, pharmacokinetic studies, drug stability,
elucidation of the drug metabolic pathways, drug–protein interactions, etc. New methodologies,
state-of-the art instrumentation and materials, and automated systems—offering precise and accurate
analytical data—have become essential prerequisites in this field. Moreover, chemometrics have been
proved to be a beneficial tool for the optimization of method parameters and can also identify and
minimize the sources of variability that may lead to poor method robustness.

The present Special Issue comprises twelve full-length research articles covering the latest research
trends and applications of pharmaceutical analytical chemistry. An interesting cell-based bioassay
was proposed by the research group of C. Rao and J. Wang for the determination of the bioactivity of
long-acting growth hormone as a potential alternative biopharmaceutical for the treatment of growth
hormone deficiency [1]. The method is based on the usage of a luciferase reporter gene system, which
is involved in the full-length human GH receptor (hGHR) and the SIE and GAS (SG) response element.
The proposed protocol can be used in routine analysis and it was validated according to ICH guidelines
and the Chinese Pharmacopoeia.

The research group of X.-S. Feng presented “Pharmacokinetics and Tissue Distribution of Alnustone
in Rats after Intravenous Administration by Liquid Chromatography-Mass Spectrometry” [2]. A simple
and fast LC-MS/MS method was developed to evaluate the pharmacokinetic and tissue distribution
profiles of alnustone in rats. The sample preparation involved simple protein precipitation using
acetonitrile. After the optimization of LC-MS/MS conditions, the method was fully validated according
to the bioanalytical method validation guidance for industry (FDA). The authors concluded that
alnustone is predominantly distributed in the lung and liver tissues within 1 h and therefore these
tissues might be the target organs for the curative effect of the drug. Analogous research has been
published by the same authors related to the “Pharmacokinetics and Tissue Distribution of Anwuligan in
Rats after Intravenous and Intragastric Administration by Liquid Chromatography-Mass Spectrometry” [3].
In contrast to their previous work [2], a liquid–liquid extraction-based sample preparation protocol was
developed and optimized for the isolation of anwuligan from rat plasma and tissues with minimum
matrix effects. According to their findings, the half-time elimination of the drug was relatively shorter
after intragastric administration compared to the intravenous one. An interesting investigation was
also published by the same researchers in their publication “Interaction Effects between Doxorubicin
and Hernandezine on the Pharmacokinetics by Liquid Chromatography Coupled with Mass Spectrometry” [4].
One of the primary targets of the work was the development of an LC-MS/MS method for the
determination of both drugs in rat plasma and also to compare their pharmacokinetic data after
intravenous administration in rats. According to their findings, there were significant differences in the
pharmacokinetic profiles—especially in the Cmax and AUC0-∞ parameters of doxorubicin—indicating

Molecules 2020, 25, 3560; doi:10.3390/molecules25163560 www.mdpi.com/journal/molecules1
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that hernandezine could improve the absorption of the anticancer drug. The outcome of this research
might be used as clinical guidance for doxorubicin and hernandezine to prevent adverse reactions.

Dr. El-Nahhas et al., in their interesting contribution “A Hydrophilic Interaction Liquid
Chromatography–Tandem Mass Spectrometry Quantitative Method for Determination of Baricitinib in Plasma,
and Its Application in a Pharmacokinetic Study in Rats”, presented quantitation data from the determination
of baricitinib in rat plasma [5]. A liquid–liquid extraction procedure with two extraction solvents
(n-hexane and dichloromethane) was proposed for drug isolation from biological matrices, avoiding
the potential enhancement or suppression of the MS signal. The authors investigated the separation of
baricitinib and the internal standard under HILIC conditions, achieving a 3-min isocratic separation.

A sensitive UHPLC-MS/MS method has been published by F.-H. Meng et al. in their interesting
article entitled “Development and Validation of a Sensitive UHPLC-MS/MS Method for the Measurement
of Gardneramine in Rat Plasma and Tissues and Its Application to Pharmacokinetics and Tissue Distribution
Study” [6]. Gardneramine is a monoterpenoid indole alkaloid with an exceptional central depressive
effect and actions on myocardium. The pharmacokinetic properties and tissue distribution of the
selected drug have been thoroughly investigated after its intravenous administration. To support
this task, the authors developed a fast UHPLC-MS/MS method in combination with simple protein
precipitation for sample preparation.

Pharmacokinetic profiling data of thiopurine immunosuppressants and folic acid were provided
by the research group of Mornar in the report entitled “Pharmacokinetic Profiling and Simultaneous
Determination of Thiopurine Immunosuppressants and Folic Acid by Chromatographic Methods” [7].
The authors evaluated the pharmacokinetic profiling of azathioprine, 6-mercaptopurine, 6-thioguanine,
and folic acid using various chromatographic techniques and in silico methodology. An HPLC
method was also developed for the simultaneous determination of the analytes in their commercially
available formulations.

An automated stopped-flow fluorimetric sensor based on zone fluidics was proposed by P.
D. Tzanavaras et al. in their work “Automated Stopped-Flow Fluorimetric Sensor for Biologically Active
Adamantane Derivatives Based on Zone Fluidics” [8]. One of the main scopes of the research was to develop
an automated method for the fast determination of amantadine, memantine, and rimantadine for the
quality control of their commercially available formulations. Interestingly, an amantadine-containing
formulation obtained from a third—non-EU—country was found to be out of specification. These results
were confirmed using a validated HPLC method.

Dr. Masadome and co-workers, in their article “Determination of Polyhexamethylene Biguanide
Hydrochloride Using a Lactone-Rhodamine B-Based Fluorescence Optode”, reported a new approach for the
quantitation of polyhexamethylene biguanide using a lactone–rhodamine B fluorescence optode [9].
The analyte is a cationic polyelectrolyte which is used for disinfectants in contact lens detergents and
sanitizers for swimming pools. The principle of the method is based on the fluorescence quenching
of a lactone–rhodamine B-containing optode membrane caused by the analyte. The method is quite
simple without using toxic reagents.

A high-throughput bar adsorptive microextraction for the analysis of ketamine and norketamine
in urine has been proposed by J.M.F. Nogueira et al. in their interesting publication “A Fast and Validated
High Throughput Bar Adsorptive Microextraction (HT-BAμE) Method for the Determination of Ketamine and
Norketamine in Urine Samples” [10]. The identification and quantification of both drugs were performed
using large-volume injection gas chromatography–mass spectrometry operating in the selected ion
monitoring mode. A set of parameters that could influence the performance of the microextraction
was investigated and optimized. The proposed analytical scheme has the possibility of performing
parallel microextractions and the subsequent desorption of up to 100 samples in a single apparatus in
just 45 min.

Dr. Markopoulou et al., in their study “Partial Least Square Model (PLS) as a Tool to Predict the
Diffusion of Steroids across Artificial Membranes”, presented data regarding the ability of a drug to
permeate human tissues using a partial least square-based statistical approach [11]. The researchers
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attempted to decode the drug permeability by correlating the apparent permeability coefficient of 33
steroids with their physicochemical and structural properties. The apparent permeability coefficient of
the compounds was determined by in vitro experiments. The obtained models could be utilized to
predict the permeability of a new drug candidate without animal experiments.

Last, but not least, Drs. Balayssac and Gilard and their colleagues in the publication “Chemometric
Analysis of Low-field 1H NMR Spectra for Unveiling Adulteration of Slimming Dietary Supplements by
Pharmaceutical Compounds” presented the development of a novel chemometric-based NMR approach
for unveiling the adulteration of slimming dietary supplements [12]. The authors analyzed 66 dietary
supplements using low-field 1H-NMR to build the PLS model. The potential limitations of the
proposed method consist of the poor sensitivity and the low spectral resolution of the low-field
1H-NMR instrument.

As Guest Editors of this Special Issue, we are sincerely grateful to all the contributors for their
outstanding cooperation and valuable support. Special thanks are also due to all the peer reviewers for
their valuable suggestions and criticisms.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: The long-acting growth hormone (LAGH) is a promising alternative biopharmaceutical
to treat growth hormone (GH) deficiency in children, and it was developed using a variety of
technologies by several pharmaceutical companies. Most LAGH preparations, such as Fc fusion
protein, are currently undergoing preclinical study and clinical trials. Accurate determination
of bioactivity is critical for the efficacy of quality control systems of LAGH. The current in vivo
rat weight gain assays used to determine the bioactivity of recombinant human GH (rhGH) in
pharmacopoeias are time-consuming, expensive, and imprecise, and there are no recommended
bioassays for LAGH bioactivity in pharmacopoeias. Therefore, we developed a cell-based bioassay for
bioactivity determination of therapeutic long-acting Fc-fusion recombinant human growth hormone
(rhGH-Fc) based on the luciferase reporter gene system, which is involved in the full-length human
GH receptor (hGHR) and the SG (SIE and GAS) response element. The established bioassay was
comprehensively validated according to the International Council for Harmonization (ICH) Q2
(R1) guidelines and the Chinese Pharmacopoeia, and is highly precise, time-saving, simple, and
robust. The validated bioassay could be qualified for bioactivity determination during the research,
development, and manufacture of rhGH-Fc, and other LAGH formulations.

Keywords: growth hormone; long-acting Fc-fusion recombinant human growth hormone; method
validation; cell-based bioassay; reporter gene assay

1. Introduction

Growth hormone (GH), also known as somatotropin, is pituitary-derived anabolic hormone that
regulates a number of metabolic processes involved in growth and development [1,2]. The specific
responses to body growth and metabolism act via multiple GH signal transduction pathways. Upon
binding to the GH receptor, the GH-associated janus kinase 2 (JAK2) tyrosine kinase is activated, and
then the signaling proteins to GH receptor (GHR)–JAK2 complexes are recruited by phosphorylated
tyrosines and subsequently induce signal transducers and activators of transcription (STAT),
mitogen-activated protein kinases (MAPK), and phosphatidylinositol 3 kinase (PI3K) intracellular
signaling pathways [3,4]. GH deficiency (GHD) causes growth retardation in children and metabolic
dysfunction in adults. Recombinant human GH (rhGH) is a 22 kDa polypeptide that consists of 191
amino acids. Treatment with rhGH in children with GHD has been well established since its approval
by the United States Food and Drug Administration (FDA) in 1985 [1,5].

Molecules 2019, 24, 1389; doi:10.3390/molecules24071389 www.mdpi.com/journal/molecules5
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rhGH has a short-circulating half-life of only a few hours in the human body, and the therapeutic
regimens rely on daily subcutaneous injections that can be burdensome, inconvenient, and painful for
some patients. Further, daily injections may cause non-adherence over time and result in decreased
therapeutic efficacy [6–8]. Therefore, long-acting growth hormone (LAGH) formulations with extended
half-lives have been developed to improve adherence and simplify dosing schedules, which were
existing disadvantages of rhGH [6,8–13]. Regarding the LAGH formulations, several forms have been
developed by increasing the effective size of rhGH and reducing its rate of clearance from the body,
such as Fc fusion rhGH and PEGylated rhGH. Additionally, Fc domain binding to the neonatal Fc
receptor (FcRn) prolongs the serum half-life of rhGH-Fc, and salvages the protein from being degraded
in endosomes [7,14–16].

Due to its unique pharmacokinetics and pharmacodynamics, and inherent complexity, the
functional characterization of LAGH is especially required to closely monitor bioactivity, bioidentity,
and other types of physicochemical characterization [6,9,11,16,17]. Nowadays, the bioassay for rhGH
bioactivity highly relies on in vivo rat weight gain, as described in the US Pharmacopeia and the
Chinese Pharmacopoeia, and it is time-consuming, expensive, and imprecise. Additionally, the
in vitro rat Nb2-11 cell-based proliferation assay is recorded in the US Pharmacopeia. The limitation
of the proliferation assay is that the lactogenic bioactivity of rhGH, rather than the bioactivity
of rhGH, is determined through responsiveness to prolactin receptors expressed on the Nb2-11
surface [18]. In regard to the bioactivity of LAGH, there are no recommended bioassays in the Chinese
Pharmacopoeia, although the PEGylated-rhGH (Jintrolong) LAGH was commercially developed and
marketed in China [7]. Consequently, the development of an animal-free bioassay with a low coefficient
of variation (CV) that is time-saving and simple to carry out needs to be explored to facilitate the
determination of bioactivity for LAGH formulations. The unchanged specificity, lower variability,
and simpler procedures of reporter gene assays (RGAs) compared with animal assays render them
excellent alternatives for the bioactivity determination of biopharmaceuticals [19,20]. Actually, RGAs
focused on the hGHR-LHRE reporter system are suitable for the measurement of the biological activity
of serum GH, rhGH, and ligand–receptor fusion of GH. However, transient transfection and the lack of
method validation have probably impeded the drive to determine the bioactivity of therapeutic rhGH
or LAGH [18,21–23].

Here, we develop a cell-based bioassay to determine the bioactivity of therapeutic rhGH-Fc using
RGA and comprehensively validate it according to the International Council for Harmonization (ICH)
Q2 (R1) guidelines and the Chinese Pharmacopoeia.

2. Materials and Methods

2.1. Cells and Materials

The human embryonic kidney 293 (HEK293) cell line (CRL-1573™) was obtained from the
American Type Culture Collection (Manassas, VA, USA). RPMI1640, fetal bovine serum (FBS), Geneticin
(G418), and hygromycin B were purchased from Gibco (Grand Island, NY, USA). Human growth
hormone receptor (hGHR) plasmid was obtained from OriGene Technologies (Beijing, China). ViaFect™
transfection reagent was purchased from Promega (Madison, WI, USA). The Britelite Plus Reporter
Gene Assay System was obtained from PerkinElmer (Waltham, MA, USA). The SG-luciferase reporter
plasmid (including SIE and GAS response elements) [19], an in-house reference of rhGH-Fc, rhGH-Fc,
rhGH, Fc-fusion recombinant human erythropoietin (rhEPO-Fc), Fc-fusion vascular endothelial growth
factor receptor (VEGFR-Fc), Fc-fusion recombinant human interleukin 15 (rhIL15-Fc), and Fc fusion
recombinant human GLP1 (rhGLP-Fc) were stored at 4 ◦C or –80 ◦C in our laboratory. The 96-well
flat clear bottom white polystyrene TC-treated microplates were purchased from Corning (New York,
NY, USA).
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2.2. Preparation of Responsive Cells to rhGH-Fc

The HEK293 cells were cultured in DMEM supplemented with 10% FBS in an incubator
atmosphere of 5% CO2 at 37 ◦C, and they were split every 3 days. The SG-luciferase reporter plasmid
and hGHR plasmid were transfected simultaneously into HEK293 cells using ViaFect™ transfection
reagent according to the manufacturer’s instructions. The cells expressing SG-luciferase and hGHR
received regular changes of DMEM-10% FBS with hygromycin B (300 μg/mL) and G418 (1000 μg/mL)
and were continuously cultured for at least for 5 weeks. Then, a clonal cell line derived from a single
cell was produced by limiting the dilution from the stably transfected HEK293 cells using 0.5 cells
per well in a 96-well plate. After isolating the clones, assessments through rhGH-Fc stimulation were
performed. The cells, namely HEK293-Luc, were highly responsive to rhGH-Fc. The HEK293-Luc
cells were maintained in DMEM-10% FBS with 200 μg/mL of hygromycin B and 500 μg/mL of G418.
Meanwhile, the HEK293 cell line only transfected with SG-luciferase plasmid without hGHR plasmid
was used as the control group.

2.3. Bioactivity Assay

The bioassay of rhGH-Fc was performed in vitro as a cell-based bioassay as described
previously [20]. In brief, 4 × 10 4 cells in 70 μL RPMI1640 were added to each well in a 96-well cell
plate, and they were incubated for 18–22 h at 37 ◦C in a 5% CO2 incubator. An rhGH-Fc (30 mg/mL)
and in-house rhGH-Fc reference (31.4 mg/mL) were diluted by serial 3-fold dilutions with RPMI1640
from pre-diluted starting concentrations of 30,000 ng/mL. Then, 70 μL of diluted rhGH-Fc was added
to cells. It should be noted that the final working concentration of rhGH-Fc was 15,000 ng/mL, and
the final concentration ranged from 6.9 ng/ml to 15,000 ng/mL. After 5 h of incubation at 37 ◦C in
a 5% CO2 incubator, the supernatants were removed, and 60 μL Britelite Plus Reporter Gene Assay
reagent was added to each well. After 5 min of mixing the reagents under subdued light conditions,
the relative luciferase units (RLU) were determined by a Luminoscan Ascent plate reader (Molecular
Devices, San Jose, CA, USA).

The sigmoidal curves, signal-noise-ratio (SNR), and 50% effective concentration (EC50) were
calculated through a four-parameter method. The SNR was indicated by the ratio of the RLU of the
top asymptote to the bottom asymptote. The relative bioactivity of rhGH-Fc was shown as the ratio of
the EC50 values of an in-house reference to the EC50 values of the rhGH-Fc samples.

2.4. Preparation of Forced Degradation of rhGH-Fc

The forced degradation of rhGH-Fc was applied under thermal stress conditions as described
previously [20]. The rhGH-Fc samples were kept at 60 ◦C for 1, 3, 5, and 7 days to induce degradation.
After that, the degraded rhGH-Fc was used to determine the bioactivity according to the procedure
given under Section 2.3.

2.5. Data Analysis and Statistics

All the statistical tests were performed using GraphPad Prism 7.0 (GraphPad Software Inc.,
San Diego, CA, USA). Comparisons between two groups were performed using a two-tailed
Mann–Whitney test, and multiple comparisons were performed using a Kruskal–Wallis test with
Dunn’s multiple comparisons. p-values < 0.05 were deemed to be statistically significant. Each
experiment was performed in triplicate. The RLU of each concentration indicates the mean of three
replicates. The mean ± SD is shown on each curve.
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3. Results

3.1. Generation of Stable rhGH-Fc-Responsive Cell Line

To obtain a stable rhGH-Fc-responsive cell line for the determination of the bioactivity of
rhGH-Fc, transfected HEK293 cells expressing SG-luciferase and hGHR (SG-hGHR), and SG-luciferase
without hGHR (SG) were constructed. The two cell lines were evaluated for luciferase activity after
rhGH-Fc stimulation. The pre-diluted starting concentration of rhGH-Fc was 50,000 ng/mL, and
then it was diluted with a dilution ratio of 1:5. Figure 1A showed that sigmoidal curves increased
dose-dependently with increasing rhGH-Fc, and the cells expressing SG-hGHR had a better SNR (SNR
of 104.0) than control cells that did not express hGHR (SNR of 2.2). In the fourteen clonal cell lines
from single cells obtained by limiting dilutions (Figure 1B), a representative cell line, 1B1 (named
HEK293-Luc), was chosen for further method validation due to having the highest SNR (SNR of 221.9),
a low EC50 (207.9 ng/mL), and rhGH-Fc-dependent behavior.
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Figure 1. The responsiveness of transfected HEK293 cells to Fc-fusion recombinant human growth
hormone (rhGH-Fc). (A) The responsiveness of stably transfected HEK293 cell pools to rhGH-Fc. The
signal-to-noise ratio (SNR) of HEK293 cells expressing SG-hGHR was significantly higher than that of
those having the SG response element. (B) The establishment of a responsive HEK293-Luc cell line to
rhGH-Fc. Clonal cell line 1B1 was superior to other thirteen clonal cell lines in term of its 50% effective
concentration (EC50) and SNR. SG-hGHR, SIE and GAS response elements (SG) and human growth
hormone receptor (hGHR).

3.2. Method Development and Optimization

To optimize the bioassay conditions, three parameters were investigated: the initial concentration
of rhGH-Fc, the number of cells per well, and the incubation time. First, the linear region of the
dose–response curve of rhGH-Fc was determined by luciferase activity induced by rhGH-Fc and was
set at approximately 30.5–15,625 ng/mL (data not shown). The pre-diluted starting concentration of
rhGH-Fc was set from 10,000 ng/mL to 25,000 ng/mL with three dilution factors. All of the sigmoidal
curves illustrated a dose-dependent trend, and the EC50 (276.0–309.5 ng/mL) was similar at the
four pre-diluted starting concentrations (Figure 2A). According to the SNR and uniformity of the
concentration points, the optimal pre-diluted starting concentration was 15,000 ng/mL (SNR of 119.6).
As can be seen from Figure 2B, all of the dose-dependent curves and EC50 values were nearly identical
(334.4–380.7 ng/mL). The highest magnitude of RLU was illustrated between 4 × 104 and 5 × 104 cells
per well, and a higher SNR (SNR of 210.6) was observed with 4 × 104 cells per well. We therefore
chose 4 × 104 cells per well as the optimal cell number. Finally, the RLU of the top asymptote increased
with an increasing incubation time, and no significant differences were observed in the EC50 between
4 and 6 h. Due to its higher SNR (SNR of 107.5), 5 h was deemed to be an applicable incubation time
under the given conditions (Figure 2C).
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3.3. Method Validation

A comprehensive validation of the bioassay was performed according to the ICH Q2 (R1)
guidelines and the Chinese Pharmacopoeia [24,25].

3.3.1. Linearity

The linearity of the bioactivity for rhGH-Fc was evaluated by analyzing the linear curves and CV%
using the measured bioactivity at five levels (50%, 75%, 100%, 125% and 150%) of pre-diluted starting
working concentration of rhGH-Fc, i.e., 15,000 ng/mL. The measured bioactivities were obtained
three times per experiment from three independent experiments applied on three different days and
were analyzed using a linear regression model. The linearity plots for the measured bioactivity of
rhGH-Fc versus the expected bioactivity displayed a linear behavior (Figure 3A). The CV% of measured
bioactivity at five level concentrations ranged from 1.32% to 6.47%, i.e., less than 7.00%.
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3.3.2. Precision

The intra-day and inter-day precision were estimated by analyzing the relative bioactivity of
rhGH-Fc samples in triplicate on the same day (intra-day precision) for three different days (inter-day
precision). A batch of the final rhGH-Fc product and three freeze-thawed final rhGH-Fc samples were
used for this purpose. The precision was expressed by CV% (shown in Table 1). The CV% of intra-day
and inter-day precision were lower than 9.00% and 6.00%, respectively, indicating good precision
and repeatability of the bioassay. The intermediate precision was determined by a comparison of
relative bioactivity performed by two analysts on different days. The relative bioactivity of the seven
final rhGH-Fc samples provided a consistent performance, as assessed by the two analysts (the mean
relative bioactivity was 1.06 for analyst A, and 1.09 for analyst B). Moreover, the intra-plate of precision
based on five repeated analyses for one rhGH-Fc sample in the same 96-well plate was 4.49%.
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Table 1. The precision of the rhGH-Fc bioactivity results.

Intra-Day CV%
Inter-Day CV%

95% CI *1 of Mean Relative
Bioactivity1 2 3

rhGH-Fc 2.42 3.82 5.00 2.06 1.10–1.17
rhGH-Fc D1 *2 2.71 4.16 5.96 4.74 1.00–1.09
rhGH-Fc D3 *2 2.04 5.05 8.81 2.27 0.80–0.87
rhGH-Fc D5 *2 7.60 3.01 2.16 5.87 0.93–1.03

*1 CI: confidence interval. *2 The final rhGH-Fc product was frozen at –80 ◦C and thawed at 25 ◦C for 1, 3, and 5
cycles, respectively.

3.3.3. Accuracy

The accuracy of the described method was evaluated by the definite addition of an in-house
reference in a sample, and it is indicated in terms of recovery (%) [20]. Here, the recovery was calculated
using the rhGH-Fc spiking method at 50% of the level of the in-house reference concentration. The assay
was performed three times per day on three different days. The mean recovery of the in-house reference
was 113.64%, and the 95% confidence interval (CI) of that was 106.00–121.30%. The maximum CV% of
the intra-day precision was 7.79%, and that of the inter-day precision was 8.73% (Table 2).

Table 2. The results of recovery for an in-house rhGH-Fc reference.

Recovery (%)
Intra-day CV% Mean SD *

1 2 3

1 127.21 130.54 112.49 7.79 123.41 9.61
2 112.69 115.19 101.98 6.38 109.95 7.02
3 100.96 111.20 110.52 5.32 107.56 5.73

Mean 113.64
SD * 9.92

Inter-day CV% 8.73

* SD: Standard deviation.

3.3.4. Specificity

The specificity of the method was confirmed by the responsiveness of HEK293-Luc cells to other
Fc fusion therapeutic drugs, e.g., rhEPO-Fc, VEGFR-Fc, rhIL15-Fc, and rhGLP1-Fc (Figure 3B). None
of them had any effect on HEK293-Luc cells. On the other hand, an expected result for rhGH with a
standard sigmoidal curve parallel to rhGH-Fc was observed. Further, we forced the degradation of
rhGH-Fc by thermal stress [20,24,26]. After incubation at 60 ◦C for different number of days, we saw a
gradual decline in the relative bioactivity of rhGH-Fc as the number of days increased, which ranged
from 1.31 in the normal sample to 0.19 in the degraded rhGH-Fc sample at 7 days (Figure 3C).

3.3.5. Robustness

To investigate the robustness of the bioassay, some changes to the assay media were made.
As shown in Figure 4A, the responsiveness of HEK293-Luc cells to rhGH-Fc in FBS-free RPMI 1640 was
observed. The RLU values of top asymptotes in assay media supplemented with 10%, 0.5%, and 0% FBS
decreased gradually. No significant changes in the SNR were found because of the different RLU values
of the bottom asymptotes (the mean RLUs were 1425.4, 896.8, and 675.7, respectively). Additionally, the
results of the stability of HEK293-Luc cells are shown in Figure 4B,C. Parallel dose–response sigmoidal
curves were found between passage 5 and passage 45 (Figure 4B). The EC50 values of passage 5,
passage 16, and passage 45 were similar: 141.1, 145.3, and 147.9 ng/mL, respectively. The SNR of
passage 16 was significantly higher than that of passage 5 (p = 0.0087), having changed from 57.13 to
79.90. As expected, the SNR of passage 45 (72.48) was consistent with that of passage 16 (Figure 4C).
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4. Discussion

It is noteworthy that several rhGH-Fc types are at different stages of clinical and preclinical
development [7,16]. The bioactivity of rhGH-Fc plays a role in quality control and is required to
establish a national or international bioassay. In the published literature, a few studies focused on
the proliferation assay and the hGHR-LHRE reporter system in some cell lines, e.g., HEK293, Ba/F3,
and CHO, but the analytical method has not previously been fully validated. Moreover, transient
transfection is not suitable for determination the bioactivity of therapeutic rhGH or LAGH [18,21–23,27].
Here, we developed and validated an animal-free bioassay based on RGA for the determination of the
bioactivity of rhGH-Fc. It is the first time that the validity of this bioassay to determine the bioactivity
of rhGH-Fc has been stringently validated.

The RGAs consist of a reporter gene controlled by a specific regulatory response element and
receptors expressed on the cell surface. In this study, the reporter gene system was indicated by firefly
luciferase and the SG response element associated with the JAK2-STATs signaling pathway [4,19,28,29].
The binding of GH to its receptor can activate JAK2, stimulate tyrosyl phosphorylation of both GHR
and JAK2, and initiate signaling pathways. The STATs pathway is important to allow GH to exert
physiological effects. Phosphorylated STAT5, a major molecule in the STATs signaling pathway,
translocates to the nucleus, where it binds to the SG response element promoter, including SIE
and GAS, activates the expression of the downstream gene, and induces cell differentiation and
proliferation [2–4,30–34].

During the development phase, the parameters listed in Section 3.2 were optimized based on
the SNR and EC50 using traditional “single factor at a time” experiments. Then, a comprehensive
validation method was carried out to assess the validity of the bioassay according to the ICH Q2 (R1)
guidelines and Chinese Pharmacopoeia. Specificity is considered to be the most important parameter,
and it was assessed using other Fc fusion proteins and degraded compounds of rhGH-Fc. The rhGH-Fc
and rhGH appeared to exhibit remarkable specificity for hGHR and SG. Likewise, the bioassay showed
high specificity in discriminating the bioactivity of degraded rhGH-Fc.

For the validation of cell-based bioassay, there are no acceptance criteria for precision and accuracy
in the ICH Q2 (R1) guidelines. Hence, we used CV of 15% to 20% as the acceptance criteria, as
recommended by the AAPS/FDA Bioanalytical Workshop [35]. In our study, all of the %CV values
(intra-day and inter-day), including the precision, accuracy, and linearity, were less than 9.00%, which
suggests that this method is acceptable for the bioactivity determination of rhGH-Fc. Moreover, the
bioactivity determined by two analysts suggested that the bioassay was characterized by excellent
intermediate precision. As expected, the bioassay was unaffected by some deliberate changes in
method parameters. For one thing, parallel EC50 and SNR responses of HEK293-Luc to rhGH-Fc
were observed in the two-assay media, i.e., the DMEM supplemented with 20 mM HEPES and the
commercial RPMI 1640 with HEPES (data not shown). Due to its easy-to–use nature, we chose the
RPMI 1640 without additional HEPES as the assay media. Additionally, the FBS-free RPMI 1640 media
with an identical SNR and decreasing background luciferase values was optimal. The responsiveness
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of the HEK292-Luc cell line to rhGH-Fc was considered stable between passage 16 and passage 45. It is
noteworthy that there is still the risk of potential contaminants of SG inhibitors or activators in the
samples or media, although FBS was excluded from the assay media during the bioassay procedure.
Generally, any contaminant in media only affects the background signals, but has little influence on
the dose–response curve. As for the samples, which are always final products, their purities and
impurities should be qualified to reduce the risk of contaminants.

Taken together, a simple and time-saving bioassay was developed for the determination of
rhGH-Fc bioactivity. The proposed bioassay was proven to be precise, reproducible, and robust. It has
the potential to be used for the routine analysis of bioactivity during the research, development, and
manufacture of therapeutic rhGH-Fc, probably for other LAGH products. Further, the bioassay could
probably be used as an alternative bioassay to the traditional in vivo rat weight gain assays; however,
an agreement study of the two methods to determining the GH bioactivity is required.
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Abstract: Alnustone, a nonphenolic diarylheptanoid, first isolated from Alnus pendula (Betulaceae),
has recently received a great deal of attention due to its various beneficial pharmacological effects.
However, its pharmacokinetic profile in vivo remains unclear. The purpose of this study is to establish
a fast and sensitive quantification method of alnustone using liquid chromatography tandem mass
spectrometry (LC-MS/MS) and evaluate the pharmacokinetic and tissue distribution profiles of
alnustone in rats. The sample was precipitated with acetonitrile with 0.5% formic acid and separated
on BEH C18 Column. The mobile phase was composed of 0.1% formic acid in water and methanol at a
flow rate of 0.3 mL/min. Alnustone and the internal standard (caffeine) were quantitatively monitored
with precursor-to-product ion transitions of m/z 262.9→105.2 and m/z 195.2→138.0, respectively.
The calibration curve for alnustone was linear from 1 to 2000 ng/mL. The intra- and inter-day assay
precision (RSD) ranged from 1.1–9.0 % to 3.3–8.6%, respectively and the intra- and inter-day assay
accuracy (RE) was between −8.2–9.7% and −10.3–9.9%, respectively. The validated method was
successfully applied to the pharmacokinetic studies of alnustone in rats. After single-dose intravenous
administration of alnustone (5 mg/kg), the mean peak plasma concentration (Cmax) value was 7066.36
± 820.62 ng/mL, and the mean area under the concentration-time curve (AUC0–t) value was 6009.79
± 567.30 ng/mL·h. Our results demonstrated that the residence time of alnustone in vivo was not
long and it eliminated quickly from the rat plasma. Meanwhile, the drug is mainly distributed in
tissues with large blood flow, and the lung and liver might be the target organs for alnustone efficacy.
The study will provide information for further application of alnustone.

Keywords: pharmacokinetics; tissue distribution; alnustone; rats; LC-MS/MS

1. Introduction

Alnustone, a nonphenolic diarylheptanoid with a typical chemical structure of an aryl-C7-aryl
skeleton, was first isolated from the male flower of Alnus pendula (Betulaceae) [1–3]. Then, it was
also found in the seeds of Alpinia katsumadai Hayata (Zingiberaceae) [4–10], the rhizomes of
Curcuma xanthorrhiza Roxb [11,12] and Curcuma comosa Roxb (Zingiberaceae) [13]. It is reported
that diphenylheptanes have a wide range of pharmacological activities, such as anti-inflammatory,
hepatoprotective, antioxidant and anti-tumor effects [14–16]. Diphenylhexane natural drugs account
for 5% of the market share of neurosinosidase inhibitors [17]. Alnustone reportedly exhibits a variety
of activities, including antihepatotoxic [18], anti-inflammatory [11], antibacterial [4], antiemetic [5,8,9]
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and weak estrogenic [13]. Recently, Grienke et al. revealed that alnustone showed neuraminidase
inhibitory activity, and it was concluded that the compound may be employed as an antiviral agent [6].
Additionally, the chemical compounds from Alpinia katsumadai Hayata seeds have been evaluated for
their antitumor activities in vitro. Among the isolated compounds, alnustone was found to exhibit
significant antitumor activity against the Bel-7402 (human hepatocellular carcinoma cells) and LO-2
(human normal liver cells) cell lines [19]. As a good drug candidate, several methods have been
developed to prepare alnustone, including the purification from plants [16] and synthesis through an
organic method [20,21].

Although the bioactivities have been investigated extensively, a few analytical methods have
been reported. Currently, there are only three articles concerning the analytical methods for the
determination of alnustone in natural medical plants or Chinese patent medicine, including HPLC [22,
23], semi-preparative liquid chromatography [24]. As far as the authors know, the pharmacokinetics of
this compound still remains unknown. It is generally accepted that the study of pharmacokinetics and
tissue distribution plays an important role in the drug development because it helps to predict and
explain the various issues associated with drug efficacy and toxicity [25,26]. Therefore, it is necessary
to establish an effective method to investigate the pharmacokinetic characteristics of alnustone so as to
better understand its mechanism of action.

In the present study, a liquid chromatography tandem mass spectrometry (LC-MS/MS) method
was developed and validated for the determination of alnustone in rat plasma. The pharmacokinetic
behavior and tissue distribution of the intravenous injection of alnustone in rats was subsequently
investigated by this method. To the authors’ knowledge, this is the first report on the pharmacokinetics
of alnustone.

2. Results and Discussion

2.1. Method Establishment

2.1.1. Optimization of LC–MS/MS Conditions

Since the rat plasma contains complex endogenous components, it is necessary to establish a
sensitive, rapid and effective method to quantitatively determine the concentration of nanogram
alnustone with caffeine (IS) in rat plasma. In this experiment, the electrospray ionization (ESI) source
in the positive and negative ion mode was compared. The results showed that the targeted substances
can be observed to be more stable and more responsive in the positive ion mode. In order to improve
the specificity of the detection method, MS/MS ion transition was monitored in multiple-reaction
monitoring (MRM) mode. For each analyte, a precursor ion and two MRM transitions were established,
monitoring the more abundant product ion (quantifier ion) for the quantification and the less abundant
product ion (qualifier ion) for verification. Figure 1 showed the product ion mass spectrum of alustone
and IS with their chemical structures and the chemical bond breaking positions. After giving certain
collision energy, the richest and the most stable product ions for alnustone and IS were monitored at m/z
105.2 and m/z 138.0, respectively. The MRM transitions for alnustone and IS were m/z 262.9→105.2 and
m/z 195.2→138.0, which were employed for quantitative analysis. The qualifier ions for alnustone and
IS were set at m/z 133.1 and m/z 110.1, respectively. The parameters were improved by the maximum
intensity observed for product ions, including the ionspray voltage, the collision cell exit potential, the
entrance potential, the declustering potential (DP) and the collision energy (CE). Among them, the DP
of alnustone and IS were set at 91 V and 92 V; the CE were 18 eV and 30 eV, respectively.

The optimization of chromatographic conditions included the selection of a suitable mobile phase
and chromatographic column. The results showed that methanol as the organic phase gave a better
peak shape and lower background noise for the analytes than acetonitrile. In addition, in order to
improve the ion response and the peak shape of analytes, this study selected and tested two types of
ion additives, 5 mmol ammonium acetate and 0.1% fomic acid. The results showed that although the
former significantly improved the peak shape, the excessive acid induced-ion suppression decreased
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the signal of the tested compounds, while the latter was acceptable in improving the peak shape and
signal intensity. In addition, the gradient eluting mode was optimized to make the tested compounds
completely separated and have good peak shapes, and the interference between the analyte and
the IS was avoided. The modified gradient elution conditions were proved to meet the analytical
requirements in terms of column equilibrium and carry over. When the flow rate of the mobile phase
was 0.3 mL/min, ACQUITY UPLC BEH C18 column was used, and the analysis time of a single sample
was less than 6.5 min.Molecules 24

v v

Figure 1. Full-scan product ion spectra of [M + H]+ for alnustone (A) and caffeine (IS, B).

2.1.2. Optimization of Pretreatment Method

To optimize the pretreatment method of the simulated biological samples, a simple and rapid
protein precipitation method was attempted as the purification and enrichment method of biological
samples. The extraction recovery and matrix effect of alnustone and IS with acetonitrile or methanol
as the precipitation reagent were investigated. Acetonitrile was selected as the precipitator due to
the higher extraction efficiency and better repeatability. Moreover, the extraction efficiency increased
when the acetonitrile contained 0.5% formic acid. The different acetonitrile plasma volume ratios (3:1,
4:1 and 5:1, v:v) were determined. At this ratio of 3:1, the plasma protein turned out to be completely
precipitated. In conclusion, the direct protein precipitation method was simple and effective, with high
extraction recovery and small background interference.

2.1.3. The Selection of Internal Standard

It is well known that the use of internal standards can improve the accuracy and precision of
a quantitative analysis and the stability of the method. Generally speaking, there are two types of
internal standards, namely, the structural analogues and the stable isotope labeling (SIL-IS). Although
SIL-IS has good performance, it is expensive and difficult to get. In this case, the structural analogue is
usually applied as the internal standard. In this study, based on the existing experimental conditions,
none of the alnstrone structural analogs were available. Therefore, several non-structural analogues
were tested as the internal standard, including caffeine, phenoxetine and paracetamol. Among them,
caffeine had similar chromatographic behavior and ionization efficiency with the analyte alnustone,
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and the extraction recovery and matrix effect met the requirements of the determination. Therefore,
caffeine was selected as the internal standard.

2.2. Method Validation

2.2.1. Selectivity and Carry-Over

No interference peaks were observed at the retention time of alnustone and IS in the chromatograms
of six batches of the blank plasma samples. Figure 2 illustrated representative chromatograms of
the blank samples, the blank samples spiked with alnustone at the lower limit of the quantification
(LLOQ) and IS, and the samples after alnustone administration. The response of the blank samples
was compared with the LLOQ samples. The results suggested that there was no obvious endogenous
interference in the determination of alnustone and IS.Molecules 24

r

Figure 2. Representative chromatograms of: (A) alnustone (5.84 min) and IS (3.33 min) obtained by
the extraction of blank plasma; (B) blank plasma spiked with alnustone and IS; (C) plasma sample
from a rat 2h after an intravenous administration of alnustone (5 mg/kg) to rats; (D) blank liver tissue
homogenates spiked with alnustone at LLOQ; (E) blank plasma spiked with alnustone at LLOQ.
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In the chromatograms of blank samples injected immediately after the HQC samples were injected,
no peak was observed at the retention time of alnustone and IS, indicating that the carry-over effect in
the sample analysis could be ignored.

2.2.2. Linearity

For blood samples and tissue samples, the linear calibration curves were calculated by a linear
regression model. The linear equations of the calibration curves, the linear regression coefficients and
the linear ranges were given in Table 1. Each coefficient of determination (r) in all validation batches
were all greater than 0.99.

Table 1. Calibration curves, correlation coefficients, linear ranges and lower limit of the quantification
(LLOQ) of alnustone in different biological matrices.

Samples Calibration Curves
Correlation

Coefficients (r)
SES * SEI # Linear Ranges

(ng/mL)
LLOQs
(ng/mL)

Plasma Y = 0.0256 + 0.00838x 0.996 5.5 × 10−5 0.13 1–2000 1
Intestine Y = 0.022 + 0.00302x 0.991 6.7 × 10−5 0.12 1–2000 1

Heart Y = 0.0174 + 0.00197x 0.992 1 × 10−4 0.12 1–2000 1
Liver Y = 0.063 + 0.00146x 0.993 9.5 × 10−5 0.10 1–2000 1

Spleen Y = 0.00038 + 0.00414x 0.992 1.2 × 10−4 0.18 1–2000 1
Lung Y = 0.0138 + 0.002x 0.995 1.2 × 10−4 0.09 1–2000 1

Kidney Y = 0.0359 + 0.00207x 0.994 8.9 × 10−5 0.15 1–2000 1
Stomach Y = –0.00332 + 0.00194x 0.996 6.2 × 10−5 0.22 1–2000 1

Brain Y = −0.0458 + 0.00287x 0.995 1.4 × 10−4 0.17 1–2000 1

* SES—Standard error of the slope (n = 6). # SEI—Standard error of the intercept (n = 6).

2.2.3. Accuracy and Precision

Table 2. showed the results of intra- and inter-day accuracy and the precision of alnustone in
the biological matrices of rats. The RE values of intra- and inter-day accuracies ranged from −10.3%
to 9.9%, and the RSD values of the precision assays were all not more than 9.0%, indicating that the
precision and accuracy results of this method were within the acceptable criteria, proving that this
method was reliable and reproducible to quantitatively analyze alnustone in rat biological samples.

Table 2. Intra- and inter-day accuracy and precision of alnustone in the plasma and tissue homogenates
of rats (n = 5).

Samples
QC Conc.
(ng/mL)

Intra-Day Inter-Day

Precision
(RSD, %)

Accurary
(mean%)

Precision
(RSD, %)

Accurary
(mean%)

Plasma 1 7.2 8.8 7.5 6.9

5 1.1 9.7 5.0 9.9
100 6.3 −6.5 4.3 −6.2

1600 5.2 −8.2 8.1 6.9

Heart 1 8.1 −9.7 6.6 −10.7
5 6.4 8.0 5.7 −10.3

100 3.6 3.7 7.5 2.7
1600 8.0 3.7 4.3 3.1

Liver 1 5.7 4.3 5.8 5.0
5 4.3 7.7 4.1 −6.6

100 8.9 9.7 5.6 0.6
1600 9.0 −5.9 6.1 6.6
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Table 2. Cont.

Samples
QC Conc.
(ng/mL)

Intra-Day Inter-Day

Precision
(RSD, %)

Accurary
(mean%)

Precision
(RSD, %)

Accurary
(mean%)

Spleen 1 9.0 −10.3 7.6 −6.4
5 7.0 -3.6 5.0 −1.3

100 7.0 2.2 3.6 5.7
1600 1.9 8.0 4.1 −6.8

Lung 1 6.6 −8.3 5.8 −5.1
5 5.7 −6.2 5.3 −1.5

100 7.5 0.6 6.5 8.1
1600 5.1 −8.1 6.7 4.3

Kidney 1 4.9 11.2 5.7 10.0
5 4.2 −6.0 4.4 6.1

100 6.6 8.0 6.6 1.2
1600 3.5 −7.2 8.4 −5.3

Brain 1 5.7 8.6 6.1 9.3
5 7.9 1.3 3.3 9.6

100 5.9 5.5 8.6 −3.4
1600 5.9 −4.5 3.3 1.4

Intestine 1 4.9 −7.9 6.8 −4.1
5 4.1 −1.8 4.3 −6.1

100 8.0 4.2 5.9 2.6
1600 7.5 −2.1 6.8 −1.8

Stomach 1 6.2 −8.7 5.3 −5.2
5 4.9 3.5 3.5 −7.69

100 2.8 −3.1 7.9 0.8
1600 7.0 2.8 6.4 −6.3

2.2.4. Recovery and Matrix Effect

As shown in Table 3, the extraction recoveries were within the range of 86.3–110.4%, indicating
that the optimized pretreatment method of direct protein precipitation could offer good extraction
efficiency for alnustone in these matrices. The matrix effects of alnustone ranged from 89.5% to 114.4%,
showing that the matrix had a little co-eluting endogenous substance that could influence the ionization
of alnustone.

Table 3. The matrix effect and recovery of alnustone in different samples (n = 5).

Samples
QC Conc.
(ng/mL)

Matrix Effect Recovery

Mean ± SD (%) RSD (%) Mean ± SD (%) RSD (%)

Plasma 1 113.7 ± 6.9 5.2 83.5 ± 5.6 5.4

5 105.4 ± 4.3 4.1 88.7 ±4.4 5.0
100 91.3 ± 9.6 10.5 95.7 ± 2.2 2.3

1600 89.5 ± 4.3 4.8 95.4 ± 3.1 3.3

Heart 1 102.1 ± 5.2 5.0 105.1 ± 4.2 4.3
5 93.8 ± 4.3 4.6 88.3 ± 2.6 3.0

100 98.2 ± 7.6 7.7 102.3 ± 3.8 3.7
1600 109.1 ± 3.7 3.4 98.7 ± 1.6 1.7

Liver 1 116.9 ± 10.3 8.0 85.7 ± 5.6 4.1
5 114.4 ± 9.9 8.6 91.1 ± 3.2 3.5

100 97.7 ± 9.1 9.3 95.8 ± 4.3 4.4
1600 98.7 ± 4.6 4.6 90.1 ± 4.0 4.4
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Samples
QC Conc.
(ng/mL)

Matrix Effect Recovery

Mean ± SD (%) RSD (%) Mean ± SD (%) RSD (%)

Spleen 1 113.5 ± 4.9 6.5 102.9 ± 6.0 4.7
5 106.1 ± 5.4 5.1 106.9 ± 4.0 3.7

100 109.8 ± 5.6 5.1 91.2 ± 3.9 4.3
1600 112.9 ± 4.3 3.8 86.7 ± 0.4 0.4

Lung 1 112.6 ± 6.3 7.9 90.3 ± 6.7 4.6
5 103.6 ± 7.6 7.3 92.8 ± 3.1 3.3

100 91.1 ± 9.6 10.6 94.7 ± 1.3 1.3
1600 92.0 ± 9.8 10.6 87.6 ± 2.7 3.1

Kidney 1 80.7 ± 8.0 5.6 87.8 ± 6.1 5.0
5 93.9 ± 7.4 7.9 90.1 ± 2.0 2.3

100 113.4 ± 3.6 3.2 91.8 ± 2.0 2.2
1600 109.9 ± 8.1 7.4 97.4 ± 5.4 5.5

Brain 1 113.4 ± 6.0 6.2 90.3 ± 6.0 5.8
5 105.7 ± 5.5 5.2 95.7 ± 4.2 4.4

100 99.2 ± 3.0 3.0 92.4 ± 3.6 3.9
1600 94.3 ± 3.4 3.6 110.4 ± 3.5 3.2

Intestine 1 89.6 ± 6.7 6.1 90.7 ± 5.7 5.8
5 92.0 ± 2.0 2.2 91.8 ± 4.3 4.7

100 107.3 ± 8.2 7.7 93.4 ± 3.5 3.7
1600 90.7 ± 7.7 8.5 96.7 ± 3.1 3.2

Stomach 1 113.5 ± 6.2 6.2 88.6 ± 5.6 5.0
5 110.6 ± 2.8 2.5 93.0± 2.3 2.5

100 89.9 ± 4.6 5.1 86.3 ± 4.1 4.8
1600 91.2 ± 3.1 3.3 87.6 ± 2.9 3.3

2.2.5. Stability

The results of the stability studies were shown in Table 4, indicating that there was no stability
issue occurred.

Table 4. Short-term, post-preparative storage, freeze-thaw and long-term stability of alnustone in
different samples (n = 5).

Samples
QC Conc.
(ng/mL)

Short-Term (at
Room Temperature

for 4 h)

Autosampler 4
◦C for 24 h

Three
Freeze-Thraw

Cycles

Storage at −75◦C
for 30 d

Plasma 1 108.5 ± 7.6 95.5 ± 5.0 114.1 ± 5.1 98.9 ± 5.7
5 112.7 ± 8.8 93.4 ± 4.3 112.7 ± 4.9 99.2 ± 6.5

100 99.8 ± 5.6 101.2 ± 7.5 93.2 ± 7.1 107.2 ± 6.7
1600 104.8 ± 5.2 108.4 ± 5.5 98.6 ± 2.3 94.8 ± 5.0

Heart 1 109.6 ± 6.0 88.7 ± 8.6 103.8 ± 5.3 107.5± 6.3
5 104.3 ± 4.3 91.8 ± 8.7 109.1 ± 4.1 101.0 ± 5.3

100 101.0± 3.2 89.0 ± 3.4 104.8 ± 6.6 112.4 ± 4.0
1600 91.8 ± 5.8 90.3 ± 5.2 95.3 ± 9.0 95.6 ± 5.4

Liver 1 98.8 ± 6.8 93.1 ± 5.7 101.5 ± 10.1 111.5 ± 6.9
5 95.4 ± 5.8 95.3 ± 3.2 98.8 ± 9.9 106.5 ± 10.1

100 111.0 ± 4.9 101.3 ± 5.6 108.4 ± 7.8 105.4 ± 7.2
1600 106.4 ± 6.0 94.8 ± 7.7 98.3 ± 6.3 97.7 ± 6.8

Spleen 1 108.5± 6.4 108.0 ± 6.0 101.2 ± 7.4 102.3 ± 4.9
5 114.7 ± 5.8 101.8 ± 4.3 106.2 ± 6.9 98.1 ± 3.9

100 107.5 ± 8.9 92.9 ± 6.5 105.3 ± 3.1 114.3 ± 6.6
1600 104.4 ± 6.1 102.1 ± 9.3 92.9 ± 7.6 104.0 ± 3.2
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Samples
QC Conc.
(ng/mL)

Short-Term (at
Room Temperature

for 4 h)

Autosampler 4
◦C for 24 h

Three
Freeze-Thraw

Cycles

Storage at −75◦C
for 30 d

Lung 1 89.5 ± 7.6 105.8 ± 7.0 108.2 ± 9.5 103.4 ± 8.7
5 92.4 ± 6.4 103.4 ± 7.1 105.8 ± 8.7 93.0 ± 9.6

100 106.4 ± 8.6 98.4 ± 5.4 94.4 ± 2.6 101.0 ± 7.5
1600 91.2 ± 6.8 100.6 ± 9.7 93.8 ± 4.6 92.3 ± 6.3

Kidney 1 107.8 ± 7.5 116.5 ± 8.0 93.7 ± 7.0 89.8 ± 8.1
5 110.7 ± 6.6 114.1 ± 7.4 95.7 ± 5.7 88.5 ± 6.4

100 109.7 ± 8.3 108.0 ± 5.7 90.9 ± 7.0 111.0 ± 7.5
1600 100.7 ± 7.0 95.9 ± 6.0 112.5 ± 5.2 100.5 ± 10.6

Brain 1 110.6 ± 5.8 109.2 ± 6.7 86.5 ± 6.1 103.8 ± 4.1
5 109.0± 4.4 104.9 ± 7.0 89.2 ± 4.6 108.9 ± 3.8

100 99.3 ± 7.5 95.4 ± 5.7 98.0 ± 8.1 90.2 ± 7.4
1600 96.3 ± 7.4 104.2 ± 4.9 110.2 ± 6.8 112.3 ± 8.9

Intestine 1 89.6 ± 8.1 90.0 ± 5.7 113.7 ± 8.7 96.5 ± 5.7
5 95.8 ± 7.7 90.9 ± 5.0 108.7 ± 9.4 92.6 ± 3.7

100 95.3 ± 6.7 98.0 ± 4.9 96.9 ± 3.8 114.4 ± 4.9
1600 105.9 ± 7.1 103.0 ± 8.4 113.6 ± 2.8 107.0 ± 4.3

Stomach 1 95.1 ± 6.8 93.2 ± 8.5 102.2 ± 5.1 107.4 ± 6.2
5 93.8 ± 5.9 98.8 ± 9.6 93.2 ± 4.3 94.9 ± 7.2

100 104.4 ± 5.5 104.4 ± 5.5 114.0 ± 4.9 107.0 ± 6.7
1600 114.9 ± 6.8 107.9 ± 8.7 104.7 ± 5.8 93.8 ± 7.6

2.3. Pharmacokinetic Study and Tissue Distribution

The validated LC-ESI-MS/MS method was successfully applied to a pharmacokinetics and
tissue distribution of alnustone after the intravenous administration at a single dose of 5 mg/kg.
The intravenous administration dose was generally determined based on 1/20–1/50 of the LD50 value
or 1/2–1/3 of the maximum tolerated dose of the reference MTD [27–29]. The LD50 obtained by our
previous pharmacological experiment was 200 mg/kg and therefore the selected i.v. dose was 5 mg/kg.
Meanwhile, it was reported that the structural analog of alnustone was given to the rat i.v. at a dose of
4.5 mg/kg for a pharmacokinetic study [30]. The dosage of another piece of literature was 5.45 mg/kg
for the pharmacological activity study [31]. Above all, the dosage of the drug administration in our
pharmacokinetics experiment was determined to be 5 mg/kg. Figure 3 showed the mean plasma
concentration-time profile of alnustone after administration. Table 5 summarized the pharmacokinetic
parameters based on the non-compartmental method. Upon intravenous administration of 5 mg/kg
alnustone, the Tmax was 2 min and the Cmax was 7066.36 ± 820.62 ng/mL, indicating that alnustone
could be quickly detected in the plasma. The pharmacokinetic results have demonstrated the area
under the curve up to 10 h (AUC0−t) and the infinite time (AUC0−∞) of 6009.79 ± 567.30 and 6032.45 ±
472.50 ng/mL·h, respectively. The total mean residence time up to 10 h (MRT0-t) was found to be 1.60 ±
0.22 h. Alnustone had a relatively short t1/2 of 1.31 ± 0.19 h, an apparent Vd of 1.57 ± 0.18 L/kg, and CL
of 0.83 ± 0.09 L/h/kg. The short elimination half-life of alnustone in vivo after a single administration
indicated that alnustone would not tend to accumulate in rat plasma during long-term use.

Table 5. Non-compartmental plasma pharmacokinetic parameters following a single intravenous
administration of alnustone (5 mg/kg) to rats (n = 12).

Pharmacokinetic Parameters Dose of i.v. Administration (5 mg/kg)

Cmax (ng/mL) 7066.36 ± 820.62
t1/2 (h) 1.31 ± 0.19

AUC0–t (ng/mL·h) 6009.79 ± 567.30
AUC0–∞ (ng/mL·h) 6032.45 ± 472.50

MRT0–∞ (h) 1.60 ± 0.22
CL (L/h/kg) 0.83 ± 0.09

Vd (L/kg) 1.57 ± 0.18
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Figure 3. The mean plasma concentration-time curves of alnustone after the intravenous administration
of alnustone at a dose of 5 mg/kg (n = 12, mean ± SD).

The changing trend of alnustone concentration in different tissues at different time points of 0.5, 1,
2 and 4 h after administration was investigated. Figure 4 revealed that alnustone distributed rapidly
and widely in different tissues. In the tissues of brain, intestine, lung, and spleen, the maximum
concentration appeared at 1 h, while in heart, kidney, liver and stomach, the maximum concentration
of alnustone appeared earlier at 0.5 h to 1h. Among all the tissues, the highest mean concentration
was found in the lung (5685.40 ng/g), followed by the liver (3199.49 ng/g), spleen (2077.14 ng/g),
stomach (1588.90 ng/g), kidney (1450.43 ng/g), intestine (1099.14 ng/g), heart (900.97 ng/g), and brain
(344.27 ng/g). The high level in the lung and liver might be related to the bioaccumulation of alnustone
in these two organs. In the liver, an increase of drug exposure was observed at 4 h. Similar situations
also occurred in the lung and stomach. The most possible reason was that alnustone might be
reabsorbed in these organs. Alustone is fat-soluble, so it might bind to the fat after the first absorption.
When the drug reached a certain accumulation in the fat, it would be reabsorbed into the liver, lung
and stomach, which have good affinity with the drug. In addition, hepatointestinal circulation may
also lead to an increase in the liver at 4 h. Thus, in the liver, lung and stomach, alustone maintained
a high concentration and underwent a slow elimination and accumulation. They are highly likely
to be the target organs for the efficacy of alnustone, which needs to be studied systematically in the
future. In addition, the metabolic clearance rate of alnustone in different tissues was quite different. For
example, in the spleen, intestine, and kidney, the elimination rate of alnustone was relatively fast. For 4
h after administration, the concentration of alnustone in these tissues had decreased to less than half of
the corresponding maximum concentration. In the other tissues, the elimination rate of alnustone was
relatively slow, and the tissue concentrations were either kept at the same level during the measured
period or even higher within 4 h after administration. In contrast, due to the rapid elimination and
less drug accumulation, alnustone was unlikely to cause drug accumulation and immunological side
effects in the spleen, intestine, and kidney. At the same time, the concentration of alnustone in the brain
did not change with time, and reached a certain level (567.0 ng/mL, 4 h), suggesting that it could enter
the brain through the blood-brain barrier. The tissue distribution experiment provided a reference for
the study of the distribution characteristics of drugs in vivo and also provided a theoretical basis for
the development of drugs in the later stage.
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Figure 4. The mean concentration of alnustone in different tissues (ng/g) at 0.5, 1, 2 and 4 h after an
intravenous administration of 5 mg/kg alnustone to the rats (Mean ± SD, n = 5).

The tissue distribution characteristics of alnustone were determined at 4 h after i.v. administration
of alnustone at 5 mg/kg. The tissue to plasma partition coefficients (Kp) shows an upward trend in
4 h. The Kp values of alnustone in iv administration are summarized in Table 6. The highest Kp was
observed in the lung (15.84 ± 1.33), followed by that in the liver (5.48 ± 0.66), stomach (3.66 ± 0.27)
tissue, and kidney (1.86 ± 0.18). The highest Kp values and concentrations of alnustone in the lung and
liver indicated the possible bioaccumulation of alnustone.

Table 6. Plasma to tissue partition coefficients (Kp) of alnustone after i.v. administration of alnustone
(5 mg/kg) to the rats (Mean ± SD, n = 5).

Time (h) Heart Liver Spleen Lung Kidney Brain Intestine Stomach

0.5 0.36 ± 0.06 1.28 ± 0.34 0.46 ± 0.06 1.30 ± 0.09 0.58 ± 0.07 0.11 ± 0.40 0.39 ± 0.07 0.64 ± 0.14
1 0.42 ± 0.10 1.31 ± 0.18 1.24 ± 0.13 3.39 ± 0.39 0.74 ± 0.11 0.21 ± 0.56 0.66 ± 0.12 0.52 ± 0.11
2 0.59 ± 0.17 1.28 ± 0.29 0.70 ± 0.06 4.55 ± 0.61 1.49 ± 0.27 0. 33 ± 0.10 0.88 ± 0.19 0.70 ± 0.03
4 1.78 ± 0.24 5.48 ± 0.66 1.54 ± 0.32 15.84 ± 1.33 1.86 ± 0.18 1.03 ± 0.08 1.18 ± 0.20 3.66 ± 0.27

3. Materials and Methods

3.1. Chemicals and Reagents

Alnustone and caffeine (purity over 98%) were provided by Target Molecule Corp. (TargetMol)
(Boston, MA, USA). Acetonitrile and methanol, both are LC-MS-grade, were purchased from Merck
KGaA Company (Darmstadt, Germany). The formic acid (HCOOH, HPLC-grade) was obtained from
Dikma Technologies Inc. (Lake Forest, CA 92630, USA). The purified water was provided using a
Millipore Milli-Q system (Millipore, Bedford, MA, USA).

3.2. Instrumentations

The UHPLC-MS/MS method was performed on an Agilent series 1290 UHPLC system (Agilent
Technologies, Santa Clara, CA, USA), which was coupled to an AB 3500 triple quadrupole
mass spectrometer (AB Sciex, Ontario, ON, Canada) with an electrospray ionization (ESI) source.
The separation process was performed on an ACQUITY UPLC BEH C18 Column (100 mm × 2.1 mm,
1.7 μm, Agilent Technologies, Santa Clara, CA, USA).
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3.3. Animals

Further, thirty two Sprague-Dawley rats (male, 200–220 g body weight) were purchased from the
Experimental Animal Research Center, China Medical University, China. The protocol for this study
(protocol number # CMU2019194) was approved by the Institutional Animal Care and Use Committee
at China Medical University. The study complied with guidelines for the Care and Use of Laboratory
Animals (published by the National Institutes of Health, NIH publication no. 85–23).

3.4. Preparation of Calibration Standards and Quality Control Samples

A 10.0 mg of alnustone was dissolved in 10.0 mL of methanol to give the stock solution with
the concentration of 1.0 mg/mL. The working solutions were prepared by serial dilution of the stock
solution with the initial mobile phase (methanol—0.1% fomic acid water, 20:80, v/v). A 10.0 mg of
caffeine (IS) was dissolved in 10.0 mL of methanol to give the IS stock solution with the concentration
of 1.0 mg/mL. All of the solutions were stored at 4 ◦C before use.

The calibration standards were prepared by spiking a certain volume of blank plasma or blank
tissue homogenates with appropriate amounts of working solutions to yield a final concentration
range from 1 to 2000 ng/mL. The effective concentrations of alnustone were 1, 5, 10, 40, 160, 200, 800,
2000 ng/mL for the plasma samples and tissue homogenates samples (heart, liver, spleen, lung, kidney,
brain, stomach, intestine). The quality control (QC) samples were prepared in the same manner at three
concentration levels (low, mid, high) of 5, 100, 1600 ng/mL for the plasma and tissue homogenates.

3.5. Preparation of Plasma and Tissues Samples

In this study, a direct protein precipitation method was applied to extract alnustone and IS from the
biological matrix. An aliquot 100 μL of plasma, 50 μL of IS solution (1 μg/mL) and 200 μL of precipitate
agent acetonitrile with 0.5% formic acid was added into a 1.5 mL Eppendorf tube. The mixture was
vortex-mixed for 30 s at room temperature, and centrifuged at 12,000× g for 10 min. Then, a 200 μL
aliquot of the supernatant was carefully removed and transferred to a new 1.5 mL Eppendorf tube and
evaporated to dryness at 40 ◦C under a slight stream of nitrogen. The residuals were reconstituted in
100 μL of methanol—0.1% fomic acid water (20:80, v/v) by vortex mixing for 30 s. After centrifuging at
12,000× g for 10 min, a 10 μL aliquot of the supernatant was used for the UHPLC-MS/MS analysis.

The rat was sacrificed quickly by decapitation on the ice. The various tissues (heart, liver, spleen,
lung, kidney, brain, stomach, intestine) were harvested and rinsed with ice-cold 0.9% NaCl to remove
the superficial blood. After being blotted dry with filter paper, each tissue sample was weighed on
ice and physiological saline added (1:2, w/v) to homogenize. Then, a 100 μL (equivalent to 50 mg) of
tissue homogenate was taken and processed using the same method as the plasma samples processing
method as shown in the above steps.

3.6. Chromatographic and Mass Conditions

The mobile phase consisted of methanol and 0.1% formic acid water using a gradient dilution
at a flow rate of 0.3 mL/min. The column temperature was maintained at 30 ◦C. Alnustone was
quantitatively determined with MRM in the positive ion mode, and nitrogen was used to assist
nebulization in the ESI source. The MS parameters were set as follows: The ionspray voltage (IS)
5500 V; nebulizer gas (gas 1) 19 arbitrary units; curtain gas (CUR) 10 arbitrary units; collision cell exit
potential (CXP) 7.0 V; entrance potential (EP) 10.0 V. The optimization of the MS transitions using the
multiple-reaction monitoring (MRM) mode were accomplished as alnustone m/z 262.9→105.2 and IS
(caffeine) m/z 195.2→138.0, respectively.

3.7. Method Validation

The method was fully validated according to the Bioanalytical Method Validation Guidance for
Industry (FDA, 2018) [32].

25



Molecules 2019, 24, 3183

3.7.1. Selectivity

Selectivity was investigated by comparing chromatograms of blank rat plasma obtained from six
individual rats with those of the corresponding standard biosample spiked with alnustone at LLOQ
and IS and the actual plasma sample 2h after an intravenous administration of alnustone (5 mg/kg).

3.7.2. Linearity and LLOQ

The calibration curves for alnustone in the plasma or tissue homogenates were generated by
plotting the peak area ratios (y) of alnustone to IS versus those nominal concentrations (x) in standard
plasma or tissue homogenates using weighted (1/x2) least squares linear regression. The LLOQ was
defined as the lowest concentration of the calibration curve at which the precision did not exceed 20%,
the accuracy was within ±20% and the signal-to-noise ratio (S/N) was at least 10.

3.7.3. Accuracy and Precision

The intra- and inter-day accuracy and precision were assessed by analyzing QC samples at three
levels of alnustone (5, 100, 1600 ng/mL for plasma and tissue homogenates) on three consecutive days
with five replicates at each concentration. The accuracy and precision were depicted as the relative
error (RE) and the relative standard deviation (RSD), respectively. The RE was within ±15% and the
RSD could not exceed 15%.

3.7.4. Recovery and Matrix Effect

The recovery was determined by comparing the peak areas of alnustone or IS in processed QC
samples with the mean peak areas of alnustone or IS in the spike-after-extraction samples (blank
plasma or tissue homogenates extracted then spiked with QC standards). (n = 5)

The matrix effect was evaluated by comparing the peak areas of alnustone or IS in the
spike-after-extraction samples (blank plasma or tissue homogenates extracted then spiked with
QC standards) with the mean peak areas of alnustone or IS dissolved with the mobile phase at high,
medium and low levels, respectively. (n = 5). It was generally considered that the matrix effect was
obvious if the ratio was <85% or >115%.

3.7.5. Stability

The stability tests involved the following four conditions. The short-term stability study was
examined by analyzing samples at room temperature for 4 h. The long-term stability study was
performed by analyzing samples stored at −75 ◦C for 1 month. For the freeze-thaw stability study, the
samples were analyzed after three freeze/thaw cycles (−75 ◦C to 25 ◦C). The post-preparative storage
stability was assessed by analyzing the samples left in autosampler vials at 4 ◦C for 24 h. The stability
analysis was performed using three aliquots of each QC samples at three different concentrations.
The samples were considered stable if the assay values were within the acceptable limits of accuracy
(±15% RE) and precision (≤15% RSD).

3.8. Drug Administration and Sampling

This study was approved by the Animals Experimental Ethical Committee of China Medical
University (Liaoning, China). Alnustone was dissolved in 0.5% (v/v) DMSO saline to give the injection
solution at the dose of 5 mg/kg for intravenous administration.

For the pharmacokinetic study, 12 SD rats fasted for 12 h with free access to water prior to
administration. After the rats were tail intravenously administrated of alnustone (5 mg/kg), a blood
sample (0.4 mL) was collected from the orbital vein into heparinized tubes at appropriate time intervals
(2 min, 5 min, 10 min, 15 min, 30 min, 45 min, 1 h, 1.5 h, 2 h, 2.5 h, 3 h, 4 h, 8 h, 10 h). The blank plasma
samples were prepared before dosing. All blood samples were immediately centrifuged at 12,000× g
for 10 min and stored at –75 ◦C until analysis.
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For the tissue distribution study, 20 SD rats were randomly divided into four groups (5 rats
for each time point) and fasted for 12 h with free access to water prior to administration. After the
rats were tail intravenously administrated of alnustone (5 mg/kg), the tissue specimens (heart, liver,
spleen, lung, kidney, brain, stomach and intestine) were collected at 0.5, 1, 2, and 4 h post-dosing,
respectively. The blank tissues were prepared separately using drug-free SD rats. The tissue harvesting
and homogenizing method were given in Section 3.5. For the plasma and tissue homogenate sample
preparation method, also see Section 3.5.

3.9. Statistical Analysis

The pharmacokinetic parameters were evaluated using DAS 3.2.8 pharmacokinetic program [33].

4. Conclusions

In this study, a rapid, simple and sensitive UHPLC–ESI MS/MS method was established and
successfully applied to the study of pharmacokinetics and tissue distribution of alnustone after a single
intravenous administration with 5 mg/kg alnustone in rats. The method has been validated for the first
time in this paper and proved to be able to detect a low concentration of 1 ng/mL for alnustone with
one direct protein precipitation method. The elimination half-life of alnustone was short implying
the residence time of alnustone in vivo was not long and it eliminated quickly from the rat plasma.
According to the investigation of tissue distribution, alnustone was mainly distributed in the lung and
liver tissues within 1 h, and the drug in each tissue increased slightly at 4 h, which indicated that the
drug was mainly distributed in the tissues with large blood flow, and the lung and liver might be the
target organs for the curative effect of alnustone. The developed and validated LC-MS/MS method and
the pharmacokinetic study of alnustone in the present paper might provide helpful information for its
future preclinical applications and theoretical basis for its further exploitation.
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Abstract: Anwuligan, a natural 2,3-dibenzylbutane lignan from the nutmeg mace of Myristica fragans,
has been proved to possess a broad range of pharmacological effects. A rapid, simple, and sensitive
liquid chromatography tandem mass spectrometry (LC-MS/MS) method has been established and
successfully applied to the study of pharmacokinetics and tissue distribution of anwuligan after
intravenous or intragastric administration. Sample preparation was carried out through a liquid-liquid
extraction method with ethyl acetate as the extraction reagent. Arctigenin was used as the internal
standard (IS). A gradient program was employed with a mobile phase consisting of 0.1% formic
acid aqueous solution and acetonitrile. The mass spectrometer was operated in a positive ionization
mode with multiple reaction monitoring. The transitions for quantification were m/z 329.0→205.0 for
anwuligan and m/z 373.0→137.0 for IS, respectively. Calibration curves were linear over the ranges of
0.5–2000 ng/mL for both plasma samples and tissue samples (r > 0.996). The absolute bioavailability
is 16.2%, which represented the existing of the obvious first-pass effect. An enterohepatic circulation
was found after the intragastric administration. Anwuligan could be distributed rapidly and widely
in different tissues and maintained a high concentration in the liver. The developed and validated
LC-MS/MS method and the pharmacokinetic study of anwuligan would provide reference for the
future investigation of the preclinical safety of anwuligan as a candidate drug.

Keywords: anwuligan; LC-MS/MS; pharmacokinetics; tissue distribution; rat

1. Introduction

Anwuligan is a natural 2,3-dibenzylbutane lignan from the nutmeg mace of Myristica fragans [1,2].
Myristica fragans (M. fragrans) is a tropical evergreen tree native to Indonesia and cultivated in India,
Iran, the West Indies and South America. The mace found in M. fragrans has been reported to
have anti-fungal and anti-bacterial activities [3]. Anwuligan has been proved to possess a broad
range of pharmacological effects (see Table S1), including anti-bacterial, anti-inflammatory, and
anti-cancer activities. Recently, it has been proved to have anti-diabetic, hepatoprotective, and
neuroprotective effects. In terms of antibacterial activity, anwuligan could inhibit the growth of various
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bacteria, including Bacillus cereus [4], Streptoccus bacteria [5], Lactobacillus bacteria [5]; it could also
effectively inhibit oral colonizing bacteria and has the potential to remove these bacteria and reduce
the plaque formation [6]. In terms of anti-cancer activity, anwuligan could induce apoptosis of human
promyeloytic leukemia cells (HL-60) by activating caspase-3 [7], it also exhibits the anti-carcinogenic
activity by strongly inhibiting the carcinogenic oral bacteria S. mutans [5] and ameliorating the side
effects of cancer chemotherapy by regulating the activity of multidrug-resistant protein [8–10]. In
terms of hepato-protection activity, anwuligan has been proved to be a drug-metabolizing enzyme
(DME) modifie, possessing the ability to inhibit aminopyrin-N-demethylase [11] and ameliorate the
cytotoxicity induced by tert-butyl hydroperoxides (t-BHP) in human hepatoma cells (HepG2) [1],
anwuligan also has a protective effect on cisplatin-induced hepatotoxicity, which is related to the
mitogen activated protein kinase (MAPK) signaling pathway [12]. In terms of anti-diabetic function,
anwuligan has an insulin secretagogue action and maintains blood glucose level by inhibiting the
intestinal ALPHA-glucoamylase [13], it is also a natural peroxisome proliferator-activated receptor
(PPAR)α/γ dual agonist contributed to the complementary and synergistic increases in lipid metabolism
and insulin sensitivity [14]. In addition, anwuligan acts on dermalogical protection and has the potential
for the treatment of abnormal pigmentation, aging, and related skin diseases [15,16]. In terms of
anti-oxidative and anti-inflammatory activities, anwuligan protects mammalian splenocytes from
radiation-induced intracellular reactive oxygen species (ROS) production [17]; it also reduces the
expression of pro-inflammatory cytokines, TNF (tumor necrosis factor)-α, IL-6, IL-1b, and C-reactive
protein [18] and inhibits histamine degranulation [19]. Anwuligan was reported to inhibit the
neurotoxicity of glutamate on HT22 cells in the hippocampus of murine and the production of
corticotrophin, and have an effect on inflammatory memory loss in chronic LPS rats showing the
potential to treat neurodegenerative diseases [20,21]. Toxicity studies have shown that anwuligan has
no cytotoxic effect on lymphocytes in vitro [17].

Based on the above results of pharmacological and toxicological studies, it could be inferred that
anwuligan is a candidate drug for the treatment of many diseases, which represents a new potential
pathway for natural intervention and shows advantages over synthetic chemistry. As far as we know,
the study of anwuligan analysis are mainly on HPLC and UV method [22,23], and both are in vitro
content determination studies. At present, the pharmacokinetics and tissue distribution of anwuligan
have not been reported. It is generally acknowledged that the main purpose of LC-MS bioanalysis
is to provide quantitative methods for the candidate drugs, so as to come to accurate and reliable
conclusions of pharmacokinetic and tissue distribution studies. Therefore, this study is to establish an
accurate and reliable LC-MS/MS method for the determination of anwuligan in rat plasma and tissues,
and to be successfully applied in the pharmacokinetic and tissue distribution study, which would
provide data support and reference for the future evaluation of preclinical safety of anwuligan as a
candidate drug.

2. Results

2.1. Method Validation

2.1.1. Specificity

As shown in Figure 1, the retention time for anwuligan and IS were 4.72 and 3.66 min, respectively.
No endogenous interference was observed at the retention time of anwuligan and IS.
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Figure 1. Representative MRM chromatograms of anwuligan: (A) blank plasma; (B) blank plasma 
spiked with anwuligan and IS; (C) plasma sample collected 1h after oral administration of anwuligan 
(60 mg/kg); (D) blank plasma spiked with anwuligan (LLOQ); and (E) blank liver tissue 
homogenates with anwuligan (LLOQ). 

2.1.2. Calibration Curve and LLOQ 

The calibration curves were calculated by a linear regression model for plasma and tissue 
samples. As shown in Table 1, the linear concentration range was from 0.5 ng/mL to 2000 ng/mL for 
both plasma and tissue samples, with the coefficient values all more than 0.99. 

Table 1. Calibration curves for anwuligan in biological samples. 

Samples Calibration Curves Correlation 
Coefficients (r) 

SES* SEI# Linear Ranges 
(ng/mL) 

LLOQs 
(ng/mL) 

Plasma 
Y = 0.00929 + 0. 

000157x 
0.996–0.997 

6.3 × 
10 4 

0.22 0.5–2000 0.5 

Intestine 
Y = 0.00378 + 0. 

0030x 
0.996–0.998 

9.6 × 
10 4 

0.37 0.5–2000 0.5 

Figure 1. Representative MRM chromatograms of anwuligan: (A) blank plasma; (B) blank plasma
spiked with anwuligan and IS; (C) plasma sample collected 1h after oral administration of anwuligan
(60 mg/kg); (D) blank plasma spiked with anwuligan (LLOQ); and (E) blank liver tissue homogenates
with anwuligan (LLOQ).

2.1.2. Calibration Curve and LLOQ

The calibration curves were calculated by a linear regression model for plasma and tissue samples.
As shown in Table 1, the linear concentration range was from 0.5 ng/mL to 2000 ng/mL for both plasma
and tissue samples, with the coefficient values all more than 0.99.

2.1.3. Precision and Accuracy

Table 2 shows the results of intra-day and inter-day precision and accuracy of anwuligan in rat
plasma and tissues. The precision values expressed as RSD were all within 11.3% and the accuracy
values expressed as RE ranged from −12.6% to 10.6%, indicating that the method was accurate and
reproducible to the quantitative determination of anwuligan in rat plasma and tissues.
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Table 1. Calibration curves for anwuligan in biological samples.

Samples Calibration Curves
Correlation

Coefficients (r)
SES * SEI # Linear Ranges

(ng/mL)
LLOQs
(ng/mL)

Plasma Y = 0.00929 + 0. 000157x 0.996–0.997 6.3 × 10−4 0.22 0.5–2000 0.5
Intestine Y = 0.00378 + 0. 0030x 0.996–0.998 9.6 × 10−4 0.37 0.5–2000 0.5

Heart Y = 0.000419 + 0.0491x 0.995–0.997 8.7 × 10−4 0.19 0.5–2000 0.5
Liver Y = 0.00587 + 0.000116x 0.997–0.999 4.1 × 10−5 0.13 0.5–2000 0.5

Spleen Y = 0.0000987 + 0.0011x 0.994–0.996 7.9 × 10−4 0.28 0.5–2000 0.5
Lung Y = 0.00689 + 0.000892x 0.995–0.997 9.0 × 10−4 0.39 0.5–2000 0.5

Kidney Y = –0.000326 + 0.000131x 0.996–0.998 7.7 × 10−5 0.27 0.5–2000 0.5
Stomach Y = –0.0045 + 0.00088x 0.996–0.997 6.9 × 10−4 0.34 0.5–2000 0.5

Brain Y = –0.0068 + 0.00017x 0.996–0.998 8.2 × 10−4 0.26 0.5–2000 0.5

* SES—Standard error of the slope (n = 6). # SEI—Standard error of the intercept (n = 6).

Table 2. Precision and accuracy of anwuligan in rat plasma and tissues (n = 5).

Samples
QC Conc.
(ng/mL)

Intra−Day Inter−Day

Precision (RSD, %) Accuracy (Mean, %) Precision (RSD, %) Accuracy (Mean, %)

Plasma 0.5 11.3 −6.7 7.2 5.3
5 9.6 −5.3 8.3 6.5

100 5.3 3.5 4.5 −5.2
1600 8.4 4.9 3.8 5.7

Heart 0.5 7.5 9.5 6.0 10.6
5 5.4 −7.0 4.0 −9.2

100 8.5 7.3 7.0 6.7
1600 8.7 −3.4 4.1 −4.4

Liver 0.5 4.5 −4.7 9.7 −5.5
5 8.6 6.4 8.8 9.3

100 7.1 −5.4 3.9 5.9
1600 5.3 3.2 6.3 −7.4

Spleen 0.5 8.7 −7.9 9.0 −8.9
5 4.2 4.0 9.3 −4.7

100 7.1 −4.4 5.7 −7.1
1600 6.6 6.9 8.8 3.6

Lung 0.5 6.0 7.5 8.0 6.9
5 4.9 4.4 5.7 −5.0

100 4.7 −7.1 3.2 3.8
1600 6.4 −7.2 6.9 6.6

Kidney 0.5 10.9 −11.5 10.6 −12.6
5 8.4 −4.3 4.9 −5.1

100 8.5 5.5 9.0 7.6
1600 5.4 6.7 5.9 −6.8

Brain 0.5 7.0 −9.3 11.3 −8.7
5 6.3 −5.1 9.7 −5.5

100 5.5 −4.4 5.3 3.9
1600 3.9 3.6 4.2 3.4

Intestine 0.5 6.6 8.6 5.9 8.6
5 4.6 4.3 3.2 7.2

100 4.0 6.8 8.1 7.6
1600 8.3 5.4 4.8 3.1

Stomach 0.5 8.7 6.1 6.9 −8.3
5 7.8 6.6 6.4 −4.0

100 5.9 −6.2 4.3 3.9
1600 7.7 −6.2 7.5 −4.4

2.1.4. Extraction Recovery and Matrix Effect

As presented in Table 3, the extraction recoveries for anwuligan were within 84.0%–114.5%, and
the matrix effects for anwuligan were within 84.5% to 96.8%. The results indicated that the extraction
efficiency was high and there was little matrix effect for the analyte.
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Table 3. Matrix effect and extraction recovery of anwuligan in rat plasma and tissues (n = 5).

Samples
QC

Conc.(ng/mL)
Matrix Effect Extract Recovery

Mean ± SD (%) RSD (%) Mean ± SD (%) RSD (%)

Plasma 0.5 90.7 ± 2.3 2.6 85.1 ± 2.4 2.9
5 89.5 ± 7.6 8.6 95.5 ± 5 5.3

100 96.2 ± 6.3 6.6 109.4 ± 8.5 7.8
1600 93.1 ± 7.5 8.1 106.4 ± 9.5 8.9

Heart 0.5 90.9 ± 8.8 9.7 86.2 ± 5 5.9
5 96.6 ± 9.3 9.7 103 ± 2.2 2.1

100 90.8 ± 4.1 4.6 96.6 ± 9.9 10.3
1600 84.6 ± 6.3 7.5 84 ± 3.9 4.7

Liver 0.5 93.3 ± 8.3 9.0 109.8 ± 2.4 2.3
5 89.6 ± 7.2 8.1 106.3 ± 6.4 6.1

100 85.1 ± 6.0 7.1 114 ± 2.8 2.5
1600 84.5 ± 9.2 11.0 96.9 ± 9.6 9.9

Spleen 0.5 89.2 ± 6.5 7.3 104.6 ± 4.9 4.7
5 91.9 ± 4.2 4.6 108.8 ± 3.9 3.6

100 86.3 ± 7.3 8.5 111.3 ± 2.3 2.1
1600 96.8 ± 6.5 6.7 90.7 ± 8.8 9.7

Lung 0.5 87.5 ± 5.8 6.7 94.1 ± 3.9 4.2
5 93.8 ± 2.2 2.4 93.3 ± 8.1 8.8

100 95.0 ± 9.0 9.5 101.9 ± 9.9 9.7
1600 88.3 ± 9.8 11.1 102.2 ± 2.8 2.7

Kidney 0.5 86.7 ± 3.9 4.6 95.9 ± 2.4 2.6
5 87.2 ± 8.7 10.1 114.5 ± 8.4 7.4

100 87.4 ± 9.8 11.2 105.2 ± 5 4.8
1600 90.5 ± 4.3 4.8 84.5 ± 4.5 5.4

Brain 0.5 88.5 ± 3.7 4.2 102.5 ± 5.8 5.7
5 95.8 ± 4.5 4.7 84.8 ± 4.9 5.8

100 95.1 ± 7.0 7.4 103.6 ± 5.4 5.3
1600 85.5 ± 5.7 6.7 106.9 ± 6.4 6.0

Intestine 0.5 85.8 ± 3.9 4.6 93 ± 4.7 5.1
5 86.0 ± 2.8 3.4 104.9 ± 5.4 5.2

100 84.6 ± 8.7 10.3 102 ± 9.8 9.6
1600 92.8 ± 8.1 8.8 92.8 ± 7.1 7.6

Stomach 0.5 91.8 ± 6.9 7.5 114.5 ± 8.1 7.1
5 88.0 ± 2.4 2.8 96.7 ± 2.8 2.9

100 87.8 ± 9.0 10.3 93.8 ± 9 9.6
1600 91.7 ± 3.7 4.0 102 ± 3.4 3.4

2.1.5. Stability

Table 4 shows the results of stability of anwuligan under the four given storage conditions, which
indicated there was no stability issue occurred.

2.1.6. Dilution Intergrity

Dilution integrity was assessed by six replicate samples, with the plasma concentration of
20.0 μg/mL and tissue homogenate concentration of 12.5 μg/mL (50.0 μg/g tissue) for anwuligan, were
diluted 20-fold with blank rat plasma and blank tissue homogenate respectively, which was within the
range of standard curve. The precision (CV) was less than 15% and the accuracy was within 85%–115%
for the analyte.
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Table 4. Stability results for anwuligan in rat plasma and tissues homogenates of rats (n = 5).

Samples
QC

Conc.(ng/mL)

Short-Term (at
Room Temperature

for 4 h)

Autosampler
4 ◦C for 24 h

Three
Freeze-Thraw

Cycles

Storage at
−80 ◦C for 30 d

Plasma 5 110.4 ± 3.2 114.4 ± 10.7 110.0 ± 4.7 106.7 ± 3.3
1600 94.2 ± 10.4 85.2 ± 5.9 86.0 ± 4.3 99.0 ± 5.6

Heart 5 95.0 ± 10.4 90.3 ± 10.6 107.1 ± 4.5 85.2 ± 4.5
1600 94.8 ± 5.2 102.6 ± 7.8 111.8 ± 7.3 96.0 ± 3.3

Liver 5 97.3 ± 4.8 91.6 ± 8.0 105.6 ± 9.1 103.2 ± 7.7
1600 87.1 ± 8.9 87.0 ± 7.5 106.7 ± 9.5 86.4 ± 6.3

Spleen 5 98.5 ± 10.2 100.9 ± 5.3 98.6 ± 10.5 110.0 ± 8.2
1600 105.6 ± 5.3 87.6 ± 5.1 102.6 ± 7.7 114.9 ± 6.2

Lung 5 112.4 ± 3.7 97.2 ± 3.5 88.6 ± 7.6 111.1 ± 4.8
1600 87.2 ± 9.7 93.6 ± 4.0 112.9 ± 9.7 92.8 ± 7.5

Kidney 5 95.7 ± 9.9 95.2 ± 6.3 88.7 ± 6.4 86.4 ± 8.4
1600 99.8 ± 9.1 97.1 ± 6.2 104.3 ± 9.3 112.2 ± 6.3

Brain 5 93.2 ± 7.4 104.5 ± 4.2 90.0 ± 5.0 112.8 ± 7.7
1600 104.1 ± 4.0 106.2 ± 3.3 106.9 ± 8.7 112.5 ± 7.1

Intestine 5 103.8 ± 4.9 95.5 ± 6.6 87.1 ± 4.1 95.1 ± 9.6
1600 111.6 ± 10.1 110.3 ± 7.1 108.3 ± 7.4 113.9 ± 4.9

Stomach 5 90.2 ± 8.0 99.9 ± 3.2 88.8 ± 4.3 105.9 ± 7.5
1600 104.0 ± 10.1 109.4 ± 9.8 107.2 ± 9.4 89.3 ± 8.7

2.2. Dose Selection

The intravenous administration dose was generally determined based on 1/20–1/50 of the LD50
value or 1/2–1/3 of the maximum tolerated dose of the reference MTD [24–26]. The LD50 obtained
by our previous pharmacological experiment was 573 mg/kg and therefore the selected i.v. dose was
5 mg/kg. Meanwhile, it is reported that the structural analog of anwuligan, was given to rat i.v. at
a dose of 20 mg/kg for pharmacokinetic study [27,28], was given to rat i.g. at a dose of 40 mg/kg
for pharmacokinetic study [28]. The intravenous dosage of another piece of literature is 20 mg/kg
for pharmacological activity study [29]. Above all, the dosage of drug intravenous and intragastric
administration in our pharmacokinetics experiment is determined to be 15 mg/kg and 60 mg/kg,
respectively. In addition, the bioavailability of different routes of administration is different. Generally,
the bioavailability of intravenous administration is 100%, oral administration is about 25%~30%, and
the ratio is 1/4. The calculated bioavailability was 16%, which was close to 25%, so the ratio of the two
routes was more reasonable.

2.3. Pharmacokinetic Study

The validated LC-MS/MS method has been successfully applied to the pharmacokinetics and
tissue distribution study of anwuligan after the intravenous or intragastric administration. The mean
plasma concentration–time profile of anwuligan after administration was shown in Figure 2. The
pharmacokinetic parameters based on the non-compartmental method were summarized in Table 5.
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Figure 2. The plasma concentration-time course in rats by given i.v. dose of 15 mg/kg of anwuligan (n 
= 6) and given i.g. dose of 60 mg/kg of anwuligan (n = 6). 

Table 5. Non-compartmental pharmacokinetic parameters of anwuligan. 

Pharmacokinetic Parameters Intravenous Intragastric 
Cmax (ng/mL) 8310 ± 910 810 ± 190 

t1/2 (h) 3.20 ± 1.09 5.17 ± 1.82 
AUC0–t (ng/mL h) 16,700 ± 7700 10,700 ± 2800 
AUC0–  (ng/mL h) 16,800 ± 8500 11,400 ± 3600 

MRT0–  (h) 3.71 ± 0.96 10.02 ± 2.04 
CL (L/h/kg) 0.89 ± 0.32 5.26 ± 1.39 

Vd (L/kg) 4.1 ± 1.1 39.3 ± 12.6 
F (bioavailability, %) - 16.2 

2.3.1. Intravenous Administration PKs 

Upon intravenous administration of 15 mg/kg anwuligan, the Cmax was 8310 ± 910 ng/mL, t1/2 
was 3.20 ± 1.09 h, indicating that anwuligan was rapidly eliminated in plasma. The pharmacokinetic 
results have demonstrated the area under the curve up to the last sampling time (AUC0–t) and the 
infinite time (AUC0 ) of 16,700 ± 7700 and 16,800 ± 8500 ng/mL h, respectively. The total mean 
residence time up to the last sampling time (MRT0–t) was found to be 3.71 ± 0.96 h. Anwuligan had an 
apparent Vd of 4.1 ± 1.1 L/kg which showed that the drug had no accumulation in tissues. 

2.3.2. Intragastric Administration PKs 

Upon intragastric administration of 60 mg/kg anwuligan, the Cmax was 810 ± 190 ng/mL. The 
drug was rapidly absorbed and the t1/2 was 5.17 ± 1.82 h, indicating that the drug was relatively 
slowly eliminated. The pharmacokinetic results have demonstrated the area under the curve up to 
time (AUC0 t) and the infinite time (AUC0 ) of 10,700 ± 2800 and 11,400 ± 3600 ng/mL h, respectively. 
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Figure 2. The plasma concentration-time course in rats by given i.v. dose of 15 mg/kg of anwuligan
(n = 6) and given i.g. dose of 60 mg/kg of anwuligan (n = 6).

Table 5. Non-compartmental pharmacokinetic parameters of anwuligan.

Pharmacokinetic Parameters Intravenous Intragastric

Cmax (ng/mL) 8310 ± 910 810 ± 190
t1/2 (h) 3.20 ± 1.09 5.17 ± 1.82

AUC0–t (ng/mL·h) 16,700 ± 7700 10,700 ± 2800
AUC0–∞ (ng/mL·h) 16,800 ± 8500 11,400 ± 3600

MRT0–∞ (h) 3.71 ± 0.96 10.02 ± 2.04
CL (L/h/kg) 0.89 ± 0.32 5.26 ± 1.39
Vd (L/kg) 4.1 ± 1.1 39.3 ± 12.6

F (bioavailability, %) - 16.2

2.3.1. Intravenous Administration PKs

Upon intravenous administration of 15 mg/kg anwuligan, the Cmax was 8310 ± 910 ng/mL, t1/2

was 3.20 ± 1.09 h, indicating that anwuligan was rapidly eliminated in plasma. The pharmacokinetic
results have demonstrated the area under the curve up to the last sampling time (AUC0–t) and the
infinite time (AUC0−∞) of 16,700 ± 7700 and 16,800 ± 8500 ng/mL·h, respectively. The total mean
residence time up to the last sampling time (MRT0–t) was found to be 3.71 ± 0.96 h. Anwuligan had an
apparent Vd of 4.1 ± 1.1 L/kg which showed that the drug had no accumulation in tissues.

2.3.2. Intragastric Administration PKs

Upon intragastric administration of 60 mg/kg anwuligan, the Cmax was 810 ± 190 ng/mL. The drug
was rapidly absorbed and the t1/2 was 5.17 ± 1.82 h, indicating that the drug was relatively slowly
eliminated. The pharmacokinetic results have demonstrated the area under the curve up to time
(AUC0−t) and the infinite time (AUC0−∞) of 10,700 ± 2800 and 11,400 ± 3600 ng/mL·h, respectively.
Anwuligan had an apparent Vd of 39.3 ± 12.6 L/kg and CL of 5.26 ± 1.39 L/h/kg. The total mean
residence time up to time (MRT0–t) was found to be 10.02 ± 2.04 h. The absolute bioavailability
is 16.2%, which represented the existing of the obvious first-pass effect. As shown in the Figure 2,
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the drug concentration increased again after 2 h in the oral administration mode, presumably an
enterohepatic circulation.

2.4. Tissue Distribution

The change trend of anwuligan concentration in different tissues at different time points at 0.5, 1,
2, and 4 h after administration was observed. As shown in Figure 3, anwuligan was distributed widely
and rapidly in different tissues.

residence time up to time (MRT0–t) was found to be 10.02 ± 2.04 h. The absolute bioavailability is 
16.2%, which represented the existing of the obvious first-pass effect. As shown in the Figure 2, the 
drug concentration increased again after 2 h in the oral administration mode, presumably an 
enterohepatic circulation. 

2.4. Tissue Distribution 

The change trend of anwuligan concentration in different tissues at different time points at 0.5, 
1, 2, and 4 h after administration was observed. As shown in Figure 3, anwuligan was distributed 
widely and rapidly in different tissues. 

 
Figure 3. Mean concentration of anwuligan in various tissues at 0.5, 1, 2 and 4 h (A) given i.v. dose of
15 mg/kg of anwuligan (n = 4) and (B) given i.g. dose of 60 mg/kg of anwuligan (n = 4).
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2.4.1. Intravenous Administration Tissue Distribution

In brain, lung, and spleen, the maximum concentration appeared at 1 h, while in kidney, heart,
liver, intestine, and stomach tissues, the maximum concentration appeared at 0.5 h. Among all the
tissues, the liver and intestine showed the highest average concentration, which was just a proof for
the enterohepatic circulation thought in pharmacokinetic study.

2.4.2. Intragastric Administration Tissue Distribution

The maximum concentration of stomach, kidney and intestine tissue appeared at 1 h, the maximum
concentration of heart and lung tissue appeared at 2 h, while the maximum concentration of brain
and liver tissue appeared at 4 h. Among all the tissues, the average concentration of liver, stomach
and intestine was the highest, which proved that there was an enterohepatic circulation. The high
concentration of drugs in the stomach and intestine was due to the oral administration mode. Therefore,
anwuligan maintained a high concentration in the liver, suggesting anwuligan might undergo a relative
slow elimination and long accumulation in the liver. It was reported anwuligan could inhibit cyp450
activity [10] leading to weaken the activity of drug enzymes and slow down the metabolism of their
own or other drugs, which could well explain the slow elimination and long accumulation of anwuligan
in the liver. Moreover it was reported that the existing of methylenedioxyphenyl moiety in anwuligan
indicated it might have the ability in inhibiting aminopyrine-N-demethylase [11], suggesting a plausible
hepatoprotective mechanism. Therefore, liver was very likely to be the target organ of curative effect
of anwuligan, which requires systematic research in the future. In contrast, anwuligan was less likely
to cause drug accumulation and immune side effects in heart, kidney, brain, lung, and spleen due to
the rapid elimination and less drug accumulation. At the same time, anwuligan could be detected in
the brain, which indicated that it was able to pass through the blood-brain barrier.

3. Materials and Methods

3.1. Reagents and Materials

Anwuligan (purity over 99%) and arctigenin (IS, purity over 99%) were purchased from Chengdu
Biopurity Phytochemicals Ltd. (Chengdu, Sichuan. China). Acetonitrile and methanol were MS-grade
reagents, purchased from Merck KGaA Company (Darmstadt, Germany) and formic acid was
HPLC-grade, purchased from Dikma Company (Lake Forest, CA, USA). Deionized water was purified
via a Millipore Milli-Q system (Millipore, Bedford, MA, USA). The other chemical reagents were of
analytical grade. The chemical structures of anwuligan and IS are shown in Figure 4.

separation was carried out on an ACQUITY UPLC BEH C18 Column (100 mm × 2.1 mm, 1.7 m) from 
Agilent Technologies (Santa Clara, CA, USA) at 30 °C. A gradient program was employed with a 
mobile phase consisting of 0.1% formic acid aqueous solution (A) and acetonitrile (B) at the flow rate 
of 0.3 mL/min: 0.0–1.0 min (80%A), 1.0–1.5 min (80%–5%A), 1.5–5.0 min (5%–1%A), 5.0–6.0 min 
(1%A), 6.0–6.5 min (80%A). The total run time was 6.5 min. The injection volume was 10 L. 

The mass spectrometer was operated in a positive ionization mode, using multiple reaction 
monitoring (MRM) with following operation parameters: Ionspray Voltage, 5500 V; the turbo spray 
temperature, 500 °C; ion source gas 1, 19; ion source gas 2, 19; curtain gas, 10. Collision cell exit 
potential (CXP) and entrance potential (EP) was set at 7.0 V and 10.0 V, respectively. Based on the 
mass scan and product ion scan (Figure 4), the transitions for quantification were m/z 329.0 205.0 
for anwuligan and m/z 373.0 137.0 for IS, respectively. Moreover, the qualifier ions for anwuligan 
and IS were set at m/z 137.0 and m/z 355.0, respectively. The declustering potential (DP) for 
anwuligan and IS were 80 V and 80 V; the collision energy (CE) were 18 eV and 15 eV, respectively. 
The 1.6.3 version Analyst software package (AB Sciex, Ontario, ON, Canada) was used for data 
acquisition and instrument control. 
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ng/mL) Quality control (QC) samples at 0 5 5 100 and 1600 ng/mL were also prepared in the same

Figure 4. Product ion spectra of [M + H]+ for anwuligan (A) and arctigenin (IS, B).

3.2. Animals

Adult male Sprague–Dawley rats (SD, 200 ± 20 g) were obtained from Experimental Animal
Research Center, China Medical University (Shenyang, China) and housed in a temperature and
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humidity controlled room at 24 ± 2 ◦C and 50 ± 10%. Water and food were available ad libitum.
The rats were fed for two weeks and fasted for 12 h before treatment. The whole experimental protocol
was approved by the Institutional Animal Care and Use Committee at China Medical University
(CMU2019194).

3.3. LC-MS/MS Conditions

The biological samples were analyzed using an Agilent series 1290 UHPLC system (Agilent
Technologies, Santa Clara, CA, USA) equipped with an AB 3500 triple quadrupole mass spectrometer
(AB Sciex, Ontario, ON, Canada) and an electrospray ionization (ESI) source. The separation was
carried out on an ACQUITY UPLC BEH C18 Column (100 mm × 2.1 mm, 1.7 μm) from Agilent
Technologies (Santa Clara, CA, USA) at 30 ◦C. A gradient program was employed with a mobile phase
consisting of 0.1% formic acid aqueous solution (A) and acetonitrile (B) at the flow rate of 0.3 mL/min:
0.0–1.0 min (80%A), 1.0–1.5 min (80%–5%A), 1.5–5.0 min (5%–1%A), 5.0–6.0 min (1%A), 6.0–6.5 min
(80%A). The total run time was 6.5 min. The injection volume was 10 μL.

The mass spectrometer was operated in a positive ionization mode, using multiple reaction
monitoring (MRM) with following operation parameters: Ionspray Voltage, 5500 V; the turbo spray
temperature, 500 ◦C; ion source gas 1, 19; ion source gas 2, 19; curtain gas, 10. Collision cell exit
potential (CXP) and entrance potential (EP) was set at 7.0 V and 10.0 V, respectively. Based on the
mass scan and product ion scan (Figure 4), the transitions for quantification were m/z 329.0→205.0
for anwuligan and m/z 373.0→137.0 for IS, respectively. Moreover, the qualifier ions for anwuligan
and IS were set at m/z 137.0 and m/z 355.0, respectively. The declustering potential (DP) for anwuligan
and IS were 80 V and 80 V; the collision energy (CE) were 18 eV and 15 eV, respectively. The 1.6.3
version Analyst software package (AB Sciex, Ontario, ON, Canada) was used for data acquisition and
instrument control.

3.4. Preparation of Calibration Standards and Quality Control (QC) Samples

The stock solution of anwuligan (100 μg/mL) was prepared in acetonitrile, and serially diluted to
the working solutions with acetonitrile. The IS working solution with a concentration of 250 ng/mL
was also prepared in acetonitrile. The plasma calibration standards were prepared by spiking 50 μL of
the working solutions of anwuligan and 50 μL of IS (250 ng/mL) into 100 μL rat blank plasma (or blank
tissue homogenate). The final concentrations of anwuligan in rat plasma and tissue homogenates were
both ranged from 0.5 to 2000 ng/mL (0.5, 1, 4, 10, 40, 160, 400, 800, and 2000 ng/mL). Quality control
(QC) samples at 0.5, 5, 100, and 1600 ng/mL were also prepared in the same manner.

3.5. Sample Preparation

3.5.1. Plasma Samples

In this study, a liquid-liquid extraction method was applied to prepare the PKs and tissue
distribution samples. An aliquot 100 μL of plasma, 50 μL of IS solution (250 ng/mL) and 1 mL of
extraction agent ethyl acetate was added into a 1.5 mL Eppendorf tube. The mixture was vortexed for
1 min. After the centrifugation at 12,000× g for 7 min at 4 ◦C, a 900 μL aliquot of the upper organic
layer was carefully transferred and evaporated to dryness at 40 ◦C under nitrogen. The residuals were
reconstituted in 100 μL of initial mobile phase (acetonitrile-0.1% fomic acid water, 20:80, v/v) by vortex
mixing for 30 s. A volume of 10 μL of the supernatant was injected into the LC-MS/MS system for
analysis after centrifuging at 12,000× g for 10 min.

3.5.2. Tissue Samples

The rats were sacrificed on the ice. The rat tissues were quickly collected, including the heart,
the liver, the spleen, the lung, the kidney, the brain, the stomach, and the intestine, and washed with
ice-cold 0.9% NaCl to remove the surface blood. After suction with filter paper, a certain amount of
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tissue sample was weighed on ice and homogenized with physiological saline at a ratio of 1:4, w/v.
If the tissue sample was <0.5 g, all tissue was taken; if the tissue sample was 0.5–1.0 g, 0.5 g of tissue
sample was taken; if the tissue samples was >1.0 g, 1.0 g of tissue sample was taken. Then, a 100 μL
(equivalent to 25 mg) of tissue homogenate was taken and processed in the same manner as shown in
“Section 3.5.1”.

3.6. Method Validation

The method validation was based on the guidelines set by US Food and Drug Administration
(FDA) guidelines [30].

3.6.1. Specificity

The specificity was assessed by comparing the chromatograms of six different lots of rat blank
plasma samples, blank plasma (tissue) spiked with anwuligan at LLOQ and IS, and the plasma samples
after the administration of anwuligan. There should be no interference at the retention times of the
analytes and the IS for blank samples and the retention times should be consistent for spiked samples
and actual samples.

3.6.2. Calibration Curve and LLOQ

Calibration curves were constructed using a weighted (1/x2) least square linear regression by
plotting the peak area ratios of analyte to IS versus the nominal plasma concentrations of anwuligan
over the range of 0.5–2000 ng/mL.

The low limit of quantification (LLOQ), defined as the lowest concentration of the calibration
curve, should be quantitatively determined with the precision (expressed as RSD, %) within 20% and
accuracy (expressed as RE, %) within ± 20%, and the S/N of which should be over 10.

3.6.3. Precision and Accuracy

The intra-day and inter-day precision and accuracy were evaluated by the determination of QC
samples at three concentration levels and LLOQ in six replicates on one day and on three consecutive
days, respectively. The precision and accuracy were expressed as RSD (%) and RE (%), and expected to
be within ± 15% for QC samples.

3.6.4. Extraction Recovery and Matrix Effect

The recovery of the analyte at three QC levels (n = 5) was determined by the peak area ratios of
extracted analytes to those of the post-extraction samples containing equivalent amounts of targets.
The matrix effect was evaluated by comparing the peak areas of the targets in the spike-after-extraction
samples with the mean peak areas of it dissolved with the mobile phase at high, medium, and low
levels, respectively.

3.6.5. Stability

The stability of anwuligan was evaluated by analyzing five replicates of the samples at three QC
levels, including storage in the auto-sampler (4 ◦C) for 24 h, 4 h exposure at room temperature, three
freeze thaw cycles, frozen at −80 ◦C for 30 days.

3.6.6. Dilution Integrity

At dilution factor 20-fold, the accuracy of the diluted samples for plasma samples (20 ug/mL
diluted to 1000 ng/mL) and tissue samples (12.5 ug/mL diluted to 625 ng/mL) was 5.14%–6.21%, and
the precision was 5.53%–6.77%, respectively. These results suggested that the study samples can be
diluted and maintain adequate accuracy and precision values.
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3.7. PKs and Tissue Distribution Study Protocols

For the pharmacokinetic study, the rats were fasted for 12 h with free access to water prior
to administration. Anwuligan was dissolved in 0.5% DMSO saline (v/v) to give the intravenous
administration solution at the dose of 15 mg/kg and dissolved in 0.5% DMSO saline (v/v) to give the
oral administration solution the dose of 60 mg/kg. For intravenous administration, the approach is
using a syringe to deliver the drug into the tail vein; for intragastric administration, the approach is to
insert a gastric lavage needle into the mouth of one side of the rat and the drug is slowly injected into
the stomach for administration.

A blood sample (0.2 mL) was obtained from the orbital vein and transferred to heparinized tubes
at 0.033, 0.083, 0.167, 0.25, 0.50, 0.75, 1, 1.5, 2, 2.5, 3, 4, 8, 10 h after intravenous or oral administration.
Six rats are used for each group. The blood samples were immediately centrifuged (12,000× g, 10 min)
and stored at −80 ◦C before analysis.

For the tissue distribution study, 16 SD rats received an oral administration at the dose of 60 mg/kg
and another 16 SD rats received an intravenous administration at the dose of 15 mg/kg. After that, the
tissue samples of heart, liver, spleen, lung, kidney, brain, stomach, and intestine were collected and
weighed at 0.5, 1, 2, and 4 h, respectively. For the preparation method of plasma and tissue homogenate
samples (see Section 3.5).

3.8. Data Analysis

The pharmacokinetic parameters were calculated by a non-compartmental model using the DAS
3.2.8 pharmacokinetic program [31].

4. Conclusions

In this study, a rapid, simple, and sensitive UPLC-MS/MS method was developed and validated,
following by successfully applied to the pharmacokinetic and tissue distribution investigation of
anwuligan after the intravenous or intragastric administration. The method has been validated
for the first time in this paper and proved to be able to detect a low concentration of 0.5 ng/mL
for anwuligan with liquid-liquid extraction method. The elimination half-life of anwuligan of i.g.
administration is relatively shorter than that of i.v. administration. The absolute bioavailability is
16.2%, which represented the existing of the obvious first-pass effect. An enterohepatic circulation
was found in the i.g. mode. Anwuligan could be distributed rapidly and widely in different tissues
and maintained a high concentration in the liver, suggesting anwuligan might undergo a relative slow
elimination and long accumulation in the liver. The developed and validated LC-MS/MS method
and the pharmacokinetic study of anwuligan in the present paper would provide data support and
reference for the future evaluation of preclinical safety of anwuligan as a candidate drug.

Supplementary Materials: The following are available online, Table S1: Pharmacology of anwuligan.
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Abstract: Doxorubicin (DOX) is an effective anti-tumor drug widely used in clinics. Hernandezine
(HER), isolated from a Chinese medicinal herb, has a selective inhibitory effect on DOX multidrug
resistance, making DOX more effective in treating cancer. The aim of this study was to investigate the
effect of the interaction of HER and DOX on pharmacokinetics. Male Sparague–Dawley rats were
randomly divided into three groups: a single DOX group, a single HER group, and a combination
group. Plasma concentrations of DOX and HER were determined by the LC-MS/MS method at
specified time points after administration, and the main pharmacokinetic parameters were estimated.
The results showed that there were significant differences in the Cmax and AUC0–∞ of DOX in the
single drug group and combined drug group, indicating that HER could improve the absorption of
DOX. However, DOX in combination, in turn, reduced the free drug concentration of HER, possibly
because DOX enhanced the HER drug–protein binding effect. The results could be used as clinical
guidance for DOX and HER to avoid adverse reactions.

Keywords: doxorubicin; hernandezine; LC-MS/MS; pharmacokinetic study; drug–drug interaction

1. Introduction

Doxorubicin (DOX), as an anti-tumor drug widely used in clinical treatment, has an obvious
curative effect on various tumors, including leukemia, malignant lymphoma, and various solid
tumors [1–3]. However, its long-term or high-dose clinical use often leads to irreversible congestive
heart failure, which limits its application [4,5]. In previous studies, the cardiotoxicity may be related to
the formation of free radicals, lipid peroxidation, Ca2+ overloading, and the activation of apoptotic
factors [6,7]. In order to find an effective way to solve this problem, many research studies have been
carried out, but the results were not satisfactory [8]. The multidrug resistance (MDR) of DOX is a major
obstacle to its application in tumor chemotherapy. Although various mechanisms are known to be
involved in MDR phenotypes, the overexpression of some members of the ATP-binding cassette (ABC)
protein family is considered to be a major contributor to MDR development in tumor cells [9].

Hernandezine (HER), a dibenzyl isoquinoline alkaloid isolated from traditional Chinese medicine,
has long been used in the treatment of hypertension [10,11]. HER has been proved to be able
to prevent hair cell aminoglycoside-induced injury [12], inhibit protein kinase C signal events in
human peripheral blood T cells [13] and neuronal nicotinic acetylcholine receptors (nAChRs), [14],
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and block non-voltage-operated Ca2+ entry activated by intracellular Ca2+ store depletion induced by
thapsigargin in rat glioma C6 cells [15] and in human leukemic HL-60 cells [16]. In addition, HER was
found to be an effective MDR modulator. Recent studies have shown that HER, as a new AMPK
activator, could induce autophagy death in drug-resistant cancers [17]. Furthermore, HER could
effectively inhibit the transport function of ABCB1 relative to MDR-linked ABC drug transporters
ABCC1 and ABCG2 to enhance the drug-induced apoptosis of tumor cells [18].

In summary, HER has a selective inhibitory effect on the MDR of DOX, which could make
DOX better in the treatment of cancer [17,18]. Therefore, it is of great significance to study the
pharmacokinetic characteristics of the two drugs in combination. The purpose of this study was to
investigate the interaction between HER and DOX on the pharmacokinetics: whether HER could
improve the absorption of DOX or the effect in turn, and whether HER could reduce the accumulation
of DOX in myocardial tissue.

At present, there are several analytical methods for determining DOX [19,20], but only one
article [21] for HER for the pharmacokinetics of rats by LC-MS. According to the previous investigations,
the sample preparation methods adopted are mainly focused on a single protein precipitation step.
However, there have been no reports of the simultaneous determination of DOX and HER in rat
plasma. Therefore, we developed and verified a simple, specific, and sensitive LC-MS/MS method for
the simultaneous determination of DOX and HER in rat plasma, and applied it to the pharmacokinetic
study of rats to evaluate the effect of HER and DOX interaction on pharmacokinetics.

2. Results and Discussion

2.1. Method Development

To optimize the MS conditions for detecting DOX, HER, and tetrandrine (IS), all the operational
parameters were carefully optimized. The analysis showed that positive ion detection has a stronger
response than negative ion detection. The MS/MS ion transition was monitored in the MRM mode
to improve the specificity and sensitivity of the detection method considering the complexity of
biological samples. DOX has the strongest peak at m/z 544.2→379.1, HER has the strongest peak at
m/z 653.4→411.2, and IS (tetrandrine) has the strongest peak at m/z 623.3→381.3. The structures of the
proposed daughter ions were given by referring to the related articles [19,20,22]. The ion spectra and
chemical structures of DOX, HER, and IS are shown in Figure 1.

The chromatographic conditions were optimized, and a good separation effect was obtained with
a sharp peak shape, high response, and short run time. The stationary phase and the composition of
the mobile phase was studied. An ACQUITY UPLC BEH C18 Column (100 mm × 2.1 mm, 1.7 μm)
was chosen in this study with good peak symmetry. Different mobile phases (acetonitrile–water
and methanol–water or with different concentrations of formic acid or ammonium acetate) were
investigated. The results showed that the peak symmetry and response of the acetonitrile–water
system were better than those of the methanol–water system. Meanwhile, both gradient elution and
isocratic elution were tested, and the result showed that isocratic elution way was more simple, fast,
and did not sacrifice any sensitivity and specificity. The retention times of DOX, HER, and IS were
1.46 min, 4.37 min, and 3.65 min, respectively (Figure 2), and the total chromatographic run time was
5.0 min.
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Figure 1. Representative MS of (A) doxorubicin (DOX), (B) hernandezine (HER), and (C) tetrandrine (IS).
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investigated. The results showed that acetonitrile was the best choice, with a higher extraction rate 
and lower background interference. 
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Figure 2. Representative EIC of (A) blank plasma; (B) blank plasma spiked with doxorubicin,
hernandezine at limit of quantification (LOQ) and IS; (C) plasma sample after combination
administration of the doxorubicin (5 mg/kg) and hernandezine (5 mg/kg) for 2 h.

In this study, a protein precipitation method was firstly considered to prepare samples, which was
simple, accurate, and efficient. The extraction recovery and matrix effect were tested. Different
precipitation reagents, such as acetonitrile, methanol, and acetonitrile with 0.1% formic acid,
were investigated. The results showed that acetonitrile was the best choice, with a higher extraction
rate and lower background interference.

2.2. Method Validation

The method validation was conducted in strict accordance with US Food and Drug Administration
(FDA) guidelines [23], the content of which consists of selectivity and specificity, linearity, limit of
quantification (LOQ), limit of detection (LOD), accuracy, precision, recovery, matrix effect, and stability.

In the process of method development, a selectivity and specificity test was used to verify that
the measured substance is the intended analyte to minimize or avoid interference. The selectivity
and specificity test of this experiment was demonstrated by the analysis of blank plasma from six
individual rats, which was examined by comparing the retention times of DOX, HER, and IS in blank
plasma, the addition of DOX and HER at LOQ and IS to blank plasma, and a plasma sample 2 h after
an intravenous administration of the mixture of DOX and HER. The blank plasma should be free of
interference at the retention times of the analytes and the IS, and which in spiked samples and actual
samples should be consistent, respectively. A typical MRM chromatogram of mixed blank plasma in
rats, spiked plasma samples with DOX and HER at LOQ and the IS, and plasma samples of rats after
an intravenous injection of a mixture of DOX (5 mg/kg) and HER (5 mg/kg) for 2 h is shown in Figure 2.
The results showed that there was no significant endogenous interference in the retention time of the
analyte under the established chromatographic conditions.
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Calibration curves were established by plotting the peak-area ratio (y) between analytes (DOX or
HER) and IS against the nominal concentrations. Linearity was evaluated by weighted (1/x2) least
squares linear regression analysis. The correlation coefficient (r) should be greater than 0.99, indicating
a good linearity. The limit of detection (LOD) is defined as the lowest detectable concentration, judged
by the signal-to-noise ratio (SNR) >10. The limit of quantification (LOQ) was defined as the lowest
concentration on the calibration curve, which represents the sensitivity of the method and should be
lower than the minimum concentration in all the samples. The linear calibration curve was obtained
by plotting the peak area ratio (analytes/IS) versus DOX and HER concentration. A weighted (1/x)
quadratic least-square regression analysis gave typical regression curves. The calibration curves,
correlation coefficients, detection ranges, and LOQ of DOX and HER in plasma and myocardial tissues
are shown in Table 1. The calibration curves had good linearity with the corresponding range of DOX
and HER (r > 0.99). Under the optimized conditions, DOX LOQ was <4.0 ng/mL, and HER LOQ was
<2.0 ng/mL in rat plasma, judging from the signal-to-noise ratios (SNR) of >10.

Table 1. Calibration curves of doxorubicin and hernandezine in plasma and myocardial tissue
homogenate of rats.

Analytes Samples Calibration Curves
Correlation

Coefficients (r)
Linear Ranges

(ng/mL)
LOQs

(ng/mL)

DOX
Plasma Y = 0.0047 + 0.00015x 0.994 32–8000 32
Heart Y = −0.0028 + 0.00019x 0.992 32–8000 32

HER
Plasma Y = −0.0038 + 0.00298x 0.998 20–4000 20
Heart Y = −0.0197 + 0.00373x 0.994 20–4000 20

Accuracy and precision tests are critical in determining whether the method is ready for validation,
and involve analyzing replicate quality controls (QCs) at different concentrations throughout the assay
range. Specifically, the intraday and interday precisions and accuracies were obtained by analyzing five
replicates of QC samples at three levels for three consecutive days. Precision, defined as the relative
standard deviation (RSD), should be within 15% at each QC level. Accuracy expressed as relative error
(RE) must be within ± 15%. Except for the LOQ level, the RSD value of precision should be within
20%, and the RE value of accuracy should be within ± 20%. The intraday and interday precision of the
QC samples of DOX and HER were lower than 9.3% and 5.6%, respectively. The accuracy of DOX
was −14.0% to 5.5%, and the accuracy of HER was −9.0% to −0.8% (see Table 2). All the assay values
were within the range of acceptable variables, indicating that the established method was precise
and accurate.

Table 2. Precision and accuracy of doxorubicin and hernandezine in plasma of rats (n = 5). RSD:
relative standard deviation.

Analytes
QC Conc.
(ng/mL)

Intraday Interday

Precision
(RSD, %)

Accurary
(mean %)

Precision
(RSD, %)

Accurary
(mean %)

DOX
80 1.6 −5.7 4.3 −6.0

800 6.4 5.5 6.8 5.3
4000 4.0 −14.0 9.3 −3.6

HER
40 5.6 −5.2 4.6 −3.3

400 5.6 −0.8 3.1 −1.4
3200 1.4 −7.8 1.9 −9.0

Recovery of the analytes should be optimized to ensure that the extraction is efficient and
reproducible. Recoveries of the analytes at three QC levels (n = 5) were determined by comparing
the peak area ratios of the analytes to IS from QC samples with those of analyte solutions spiked

49



Molecules 2019, 24, 3622

with post-extracted matrix at equivalent concentrations. The matrix effect was examined to assess the
possibility of ion suppression or enhancement. The matrix effect was measured by comparing the peak
area ratios of the analytes to IS in solutions spiked with the blank processed matrix with the solutions
at three QC levels. In common, it was considered that the matrix effect was obvious if the ratio was
less than 85% or more than 115%. The recovery and matrix effect data of DOX and HER in rat plasma
were shown in Table 3. The matrix effect range of all analytes was 92.9 ± 4.3% to 112.8 ± 1.8%, and
the RSD value was lower than 11.6%. The average recovery of DOX and HER at three QC levels was
88.7 ± 6.2% to 108.4 ± 4.9%, and the RSD value was lower than 7.0%. The results showed that this
method had no matrix effect, and could be used for biological analysis.

Table 3. Matrix effect and recovery of doxorubicin and hernandezine in plasma of rats (n = 5).

Analytes
QC Conc.
(ng/mL)

Matrix Effect Recovery

Mean ± SD (%) RSD (%) Mean ± SD (%) RSD (%)

DOX
80 112.8 ± 1.8 1.6 88.7 ± 6.2 7.0

800 95.3 ± 11.1 11.6 103.2 ± 2.6 2.5
4000 92.9 ± 4.3 4.6 95.1 ± 2.1 2.2

HER
40 104.0 ± 1.7 1.7 91.7 ± 4.3 4.7

400 94.2 ± 1.5 1.6 108.4 ± 4.9 4.6
3200 94.5 ± 1.7 1.8 93.2 ± 0.6 0.6

Stability was conducted by analyzing three replicates of the samples at three QC levels under
the following conditions, including bench top stability after 4 h of exposure at room temperature,
auto-sampler stability after 24 h of storage in the auto-sampler at 4 ◦C, freeze/thaw stability evaluated
for three freeze–thaw cycles after freezing at −80 ◦C and thawing at room temperature, and long-term
stability storage at −80 ◦C for 30 days. The samples were considered stable if the average percentage
concentration deviation (expressed as RSD) was within 15% of the actual value. The stability results
are shown in Table 4. The variation of all the stability studies was less than 15.0%, which met the
standard of stability measurement. Therefore, this method could be used for routine analysis.

Table 4. Stability results for doxorubicin and hernandezine in plasma of rats under different storage
conditions (n = 3).

Analytes
QC Conc.
(ng/mL)

Bench Top Stability
(at Room Temperature

for 4 h)

Auto-Sampler Stability
(at 4 ◦C for 24 h)

Freeze/Thraw
Stability

Long Term Stability
(at −80 ◦C for

30 days)

DOX
80 1.6 4.3 3.4 3.1
800 6.4 6.8 6.1 9.6

4000 4.0 0.2 8.2 5.0

HER
40 5.5 4.7 4.1 1.7
400 5.5 3.1 1.6 0.8

3200 1.3 1.9 1.9 1.6

2.3. Pharmacokinetics

This validated method has been successfully applied to the determination of plasma concentration
of DOX and HER in rats. In this study, we compared the pharmacokinetic parameters of DOX in the
combined treatment group with those in the single treatment group. The pharmacokinetic profiles of
HER were also compared in the same way. The mean plasma concentration–time profiles of DOX and
HER for the three groups were shown in Figure 3. The pharmacokinetic parameters of DOX and HER
in rats following the intravenous administration of single DOX (5 mg/kg), single HER (5 mg/kg), and a
combination of DOX and HER (5 mg/kg, respectively) were shown in Table 5.
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hernandezine group and combination group. 

Figure 3. (A) Mean plasma concentration–time curves of doxorubicin in a single doxorubicin group
and combination group; (B) Mean plasma concentration–time curves of hernandezine in a single
hernandezine group and combination group.

Table 5. Non-compartmental pharmacokinetic parameters of hernandezine and doxorubicin in a single
doxorubicin group, single hernandezine group, and combination group (n = 6).

Pharmacokinetic
Parameters

Single DOX
Group

Single HER
Group

Combination Group

DOX HER

Cmax (ng/mL) 2647 ± 650 433.6 ± 85.2 5703 ± 2980 116.6 ± 74.0
Tmax (h) 0.083 0.083 0.083 0.083

Ke (1/min) 0.150 ± 0.03 0.090 ± 0.01 0.164 ± 0.02 -
t1/2 (h) 4.6 ± 0.8 7.7 ± 1.2 4.2 ± 0.6 -

AUC0–t (ng h/mL) 1109 ± 102 647.2 ± 54.9 1965 ± 142.5 49.9 ± 12.5
AUC0–∞ (ng h/mL) 1412 ± 114 1154 ± 85 2453 ± 218 -

MRT0–∞ (h) 4.9 ± 0.9 10.1 ± 1.4 4.5 ± 0.5 -
CL/F (L/kg/h) 3.5 ± 0.5 4.3 ± 0.5 2.0 ± 0.2 -
Vd/F (L/kg) 23.6 ± 7.1 48.3 ± 5.6 12.4 ± 2.1 81.8 ± 2.3

The Cmax of DOX in the single group and combined group was 2647 ± 650 ng/mL and 5703 ±
2980 ng/mL, respectively. Meanwhile, the AUC0–∞ was 1412 ± 114 ng/mL and 2453 ± 218 ng/mL,
respectively. Meanwhile, the t1/2 was 4.6 ± 0.8 h and 4.2 ± 0.6 h, and the MRT0–∞ was 4.9 ± 0.9 h and
4.5 ± 0.5 h, respectively. Significant differences of Cmax and AUC0–∞ of DOX were observed between
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the single and combined groups with equivalent doses of DOX administration, which indicated that
HER could increase the absorption of DOX. However, there was no significant difference between the
t1/2 and MRT0–∞ of DOX, which indicated that HER had no effect on DOX’s elimination and excretion.
In turn, we could see from the plasma concentration–time curves of HER in two treatment groups
in Figure 3 that the combination use of DOX made the pharmacokinetic behavior of HER no longer
fitted to a non-compartmental model that was used to calculate the pharmacokinetic characteristics
in this study. However, we were still able to reach a conclusion from the plasma concentration–time
curve and the pharmacokinetic characteristic of HER that the free drug concentration of HER was
reduced by the combination use of DOX. The possible reason might be the enhancement of DOX on
the drug–protein binding of HER.

The comparison of the accumulated concentrations of DOX in myocardial tissue 8 h after
intravenous administration of single DOX and combination of DOX and HER was investigated as
shown in Figure 4. A significant difference between the two groups could be observed (p < 0.05),
indicating that HER was able to reduce the accumulation of DOX in myocardial tissue. Meanwhile,
recent studies demonstrated that doxorubicinol (DOX-ol), a secondary alcohol metabolite of DOX [24,25],
which may have caused cardiac toxicity by being poorly cleared from the heart and accumulating there
to form a long-lived toxicant to heart [26], was to blame. Therefore, the next step is to study whether
HER could inhibit the conversion of DOX into DOX-ol, which might be considered as a therapeutic
target for DOX-induced cardiac toxicity.Molecules 2019, 24, x 9 of 13 
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Figure 4. The comparison of the accumulated concentrations of doxorubicin in myocardial tissues
8 h after the intravenous administration of doxorubicin and doxorubicin + hernandezine (mean ± SD,
n = 6, p < 0.05).
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3. Experimental

3.1. Chemicals and Reagents

DOX (purity over 99%) was obtained from Dalian Meilun Biotech Co., Ltd. (Dalian, China).
HER and tetrandrine (purity over 99%) were purchased from Chengdu Biopurity Phytochemicals Ltd.
(Chengdu, China). Ammonium acetate, HPLC-grade, was purchased from Dikma Company (Lake
Forest, CA 92630, USA). Acetonitrile and methanol, LC-MS-grade, were purchased from Merck KGaA
Company (Darmstadt, Germany). Ultra-pure water was provied using a Millipore Milli-Q system
(Millipore, Bedford, MA, USA). Other chemical reagents were of analytical grade.

3.2. Animals

Sprague–Dawley rats (male, 250 ± 20 g) were supplied by the Experimental Animal Research
Center, China Medical University, China. The rats were raised in a temperature-controlled room
at 24 ± 2 ◦C for free feeding and water intake, and the light/dark cycle was 12 h. The rats were
fed for 2 weeks to adapt to the laboratory environment. All the rats fasted for 12 h before the
experiment, but with water supplied freely. The protocol for animal care and use in our study (protocol
number # CMU2019194) was approved by the Institutional Animal Care and Use Committee at China
Medical University.

Eighteen rats were randomly divided into three groups (six rats in each group) and given
intravenous treatment with different drugs: group A, DOX (5 mg/kg); group B, HER (5 mg/kg);
group C, DOX + HER (5.0 mg/kg, respectively). The injection was prepared in normal saline with 0.5%
v/v DMSO.

3.3. Instrumentation and Conditions

The biological samples were analyzed with an Agilent series 1290 UHPLC system (Agilent
Technologies, Santa Clara, CA, USA), which was coupled to an AB 3500 triple quadrupole
mass spectrometer (AB Sciex, Ontario, ON, Canada) with an electrospray ionization (ESI) source.
Data acquisition and instrument control were performed using the 1.6.3 version Analyst software
package (AB Sciex, ON, Canada).

The separation process was performed on an ACQUITY UPLC BEH C18 Column
(100 mm × 2.1 mm, 1.7 μm, Agilent Technologies, Santa Clara, CA, USA). The column temperature was
set at 40 ◦C. The mobile phase was composed of acetonitrile and 10 mM ammonium acetate aqueous
solution (70:30, v/v) at the flow rate of 0.3 mL/min in an isocratic elution manner. The injection volume
was set at 10 μL.

DOX and HER were quantitatively determined with MRM in the positive ion mode. The MS
condition was as follows: the ion spray voltage (IS) was set at 5500 V, the turbo spray temperature
(TEM) was set at 500 ◦C, and the nebulizer gas and heater gas were set at 50 and 50 arbitrary units,
respectively. The curtain gas (CUR) was kept at 40 arbitrary units, and the interface heater was
on. The collision cell exit potential (CXP) and entrance potential (EP) were set at 7.0 V and 10.0 V,
respectively. The declustering potentials (DPs) of DOX, HER, and IS were set at 160 V, 218 V, and 87 V;
the collision energies (CEs) were 60 eV, 60 eV, and 27 eV, respectively. Nitrogen was used in all cases.
The optimization of the MS transitions for quantification were accomplished as DOX m/z 544.2→379.1,
HER m/z 653.4→411.2, and IS (tetrandrine) m/z 623.3→381.3, respectively. Moreover, the qualifier ions
for DOX, HER, and IS were set at m/z 321.1, m/z 191.1, and m/z 174.1, respectively.

3.4. Preparation of Stock Solutions, Working Solutions, Calibration Standards, and Quality Control Samples

The standard substances of the analytes were accurately weighed and dissolved in methanol
to prepare the DOX and HER stock solution with the concentration of 1.0 mg/mL, respectively.
The working solution for preparing calibration standards and QC samples was obtained by diluting
the stock solution with acetonitrile–water (50:50, v/v). The IS working solution with a concentration of
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200 ng/mL was also prepared. The stock solution and working solution were placed under 4 ◦C dark
condition and brought to room temperature before use.

The calibration standards were prepared by spiking 50 μL of rat blank plasma (or blank myocardial
tissue homogenate) with 20 μL of the working solution. The concentration of DOX in rat plasma and
myocardial tissue homogenate ranged from 32 to 8000 ng/mL, and HER ranged from 20 to 4000 ng/mL.
Low, medium, and high quality control (QC) samples were prepared in the same way as above (40.0,
400, and 3200 ng/mL for DOX; 80.0, 800, and 4000 ng/mL for HER) in both rat plasma and myocardial
tissue homogenate. Each concentration needed three replicates.

3.5. Sample Preparation

In this study, DOX, HER, and IS were extracted from the biological matrix (plasma and myocardial
tissue homogenate) by routine step protein precipitation. Detailed steps were as follows: take 50 μL of
biological matrix, add 20 μL of acetonitrile–water (50:50, v/v), and 20 μL of the IS solution, and add
200 μL of precipitation reagent acetonitrile, placed in a 1.5-mL EP tube. Vortex for 1 min, followed
by centrifuging at 14,000 rpm for 10 min. Transfer 200 μL of supernatant to another clean 1.5-mL EP
tube and centrifuge at 14,000 rpm for another 3 min. Then, an aliquot of 10 μL of the supernatant was
injected into the LC-MS system for analysis.

3.6. Pharmacokinetic Study

The method was used to determine the concentration–time profiles of DOX and HER in the
plasma of rats after the intravenous administration of DOX (5.0 mg/kg), HER (5.0 mg/kg), and the
mixture of DOX and HER (5.0 mg/kg, respectively). Blood samples (250 μL) were taken from the orbital
vein at 5 min, 10 min, 15 min, 30 min, 45 min, 1 h, 1.5 h, 2 h, 2.5 h, 3 h, 4 h, 6 h, and 8 h, respectively,
and were injected into heparinized 1.5-mL EP tubes. Heparin (2 mg/mL blood volume) was used as
an anticoagulant for this study, and blood samples were immediately centrifuged at 14,000 rpm for
10 min at room temperature, followed by a supernatant plasma layer collected and stored at −80 ◦C
for analysis.

After the last blood sample was taken, the rats were sacrificed for cervical dislocation. The heart
was removed and rinsed with cold saline to remove the superficial blood. Then, it was blotted dry
with filter paper and weighed accurately. After that, the heart was homogenized with normal saline to
prepare a homogenate (0.2 g/mL). All samples were stored at −80 ◦C for analysis.

Plasma concentration–time plots were plotted, and the PK parameters were evaluated by means
of non-compartmental pharmacokinetic analysis using DAS 3.2.8 pharmacokinetic program [27].
The PK parameters concerned include half-life (t1/2), mean residence time (MRT), area under the
plasma concentration–time curve (AUC), clearance (CL), etc. Data was expressed as mean ± SD.
The pharmacokinetic parameters were compared using Student’s t-test. Differences were considered to
be significant at a level of p < 0.05.

4. Conclusions

An LC-MS method for the simultaneous determination of DOX and HER in rat plasma was
established. The method is sensitive, accurate, easy to follow, and suitable for the pharmacokinetic
study. This analytical method has been successfully applied to the pharmacokinetic study of DOX and
HER in rats.

The results of this study showed that there were significant differences in the pharmacokinetic
parameters of DOX and HER after the intravenous administration of a single dose of DOX, single dose
of HER, and a combination of the two. This result might help to explain the influence of DOX and
HER interaction on pharmacokinetics and provide a basis for guiding clinical medication.
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Abstract: Baricitinib, is a selective and reversible Janus kinase inhibitor, is commonly used to treat
adult patients with moderately to severely active rheumatoid arthritis (RA). A fast, reproducible
and sensitive method of liquid chromatography-tandem mass spectrometry (LC-MS/MS) for the
quantification of baricitinib in rat plasma has been developed. Irbersartan was used as the internal
standard (IS). Baracitinib and IS were extracted from plasma by liquid–liquid extraction using a
mixture of n-hexane and dichloromethane (1:1) as extracting agent. Chromatographic separation
was performed using Acquity UPLC HILIC BEH 1.7 μm 2.1 × 50 mm column with the mobile
phase consisting of 0.1% formic acid in acetonitrile and 20 mM ammonium acetate (pH 3) (97:3).
The electrospray ionization in the positive-mode was used for sample ionization in the multiple
reaction monitoring mode. Baricitinib and the IS were quantified using precursor-to-production
transitions of m/z 372.15 > 251.24 and 429.69 > 207.35 for baricitinib and IS, respectively. The method
was validated according to the recent FDA and EMA guidelines for bioanalytical method validation.
The lower limit of quantification was 0.2 ng/mL, whereas the intra-day and inter-day accuracies
of quality control (QCs) samples were ranged between 85.31% to 89.97% and 87.50% to 88.33%,
respectively. Linearity, recovery, precision, and stability parameters were found to be within the
acceptable range. The method was applied successfully applied in pilot pharmacokinetic studies.

Keywords: baricitinib; UPLC-MS/MS; pharmacokinetic study; irbersartan

1. Introduction

Rheumatoid arthritis (RA) is a progressive and long-lasting autoimmune disorder that most
commonly affects the joints. RA is a chronic systemic inflammatory disorder which affects 0.5–1%
of the adult population. It is characterized by persistent inflammation of synovial joints resulting
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in a symmetrical inflammatory polyarthritis with progressive erosive destruction of joints including
cartilage and bone deformity and damage [? ]. The main symptoms of RA are joint pain, inflammation,
swelling, stiffness and generalized fatigue with episodes of RA flares and remissions. RA is a systemic
disease that can have a significant effect on other organs, including eyes [? ], heart [? ? ], and lung [? ].

Janus kinase inhibitors are anti-rheumatic drugs that target the intracellular kinase (JAK). JAKs
play an important role in the signaling of many cytokines and hematopoietic growth and development [?
]. Baricitinib (Figure ??A), a selective and reversible JAK1 and JAK2 inhibitor, is commonly used
to treat moderate to severe active RA in adult patients with poor response to one or more tumor
necrosis factor inhibitors (TNFis) [? ]. Baricitinib has showed dose-dependent efficacy for up to
24 weeks with significant improvements in the signs and symptoms of RA in patients [? ]. It has
been reported that patients treated with baricitinib demonstrated consistent pain relief irrespective
of the degree of inflammation control. Baricitinib treatment is associated with improvements in
RA disease control, provides rapid pain relief, improves work productivity and is cost-effective in
comparison to other RA drugs [? ]. In addition, patients with hereditary immunodeficiency syndrome
showed a complete disappearance of rheumatoid nodules following 12 months of baricitinib treatment.
Moreover, baricitinib had a significant improvement in the signs and symptoms of systemic lupus
erythematosus [? ].

Molecules 2020, 25, x 2 of 14 

symmetrical inflammatory polyarthritis with progressive erosive destruction of joints including 
cartilage and bone deformity and damage [1]. The main symptoms of RA are joint pain, 
inflammation, swelling, stiffness and generalized fatigue with episodes of RA flares and remissions. 
RA is a systemic disease that can have a significant effect on other organs, including eyes [2], heart 
[3,4], and lung [5]. 

Janus kinase inhibitors are anti-rheumatic drugs that target the intracellular kinase (JAK). JAKs 
play an important role in the signaling of many cytokines and hematopoietic growth and 
development [6]. Baricitinib (Figure 1A), a selective and reversible JAK1 and JAK2 inhibitor, is 
commonly used to treat moderate to severe active RA in adult patients with poor response to one or 
more tumor necrosis factor inhibitors (TNFis) [7]. Baricitinib has showed dose-dependent efficacy for 
up to 24 weeks with significant improvements in the signs and symptoms of RA in patients [8]. It has 
been reported that patients treated with baricitinib demonstrated consistent pain relief irrespective 
of the degree of inflammation control. Baricitinib treatment is associated with improvements in RA 
disease control, provides rapid pain relief, improves work productivity and is cost-effective in 
comparison to other RA drugs [9]. In addition, patients with hereditary immunodeficiency syndrome 
showed a complete disappearance of rheumatoid nodules following 12 months of baricitinib 
treatment. Moreover, baricitinib had a significant improvement in the signs and symptoms of 
systemic lupus erythematosus [10]. 

 

Figure 1. Chemical structures of baricitinib (A) and irbesartan (B). 

Baricitinib is rapidly absorbed after oral administration and reaches peak plasma concentrations 
at approximately 1 h. Baricitinib oral bioavailability is 79% and it is moderately bound (about 50%) 
to plasma proteins mainly albumin [11]. Baricitinib is primarily metabolized by CYP3A4 enzyme and 
it is a substrate of P-glycoprotein (Pgp), organic anionic transporter (OAT) 3, multidrug and toxic 
extrusion protein (MATE) 2-K and breast cancer resistance protein (BCRP). Baricitinib 
pharmacokinetics was found to be affected by food and concurrent administration of other drugs. 
The therapeutic effects and safety of baricitinib are related to the rate and extent of absorption [7]. It 
was also found that probenecid elevates the extent of baricitinb absorption, which represent in the 
potentiation of AUC0-inf by twofold and decreased the renal clearance to 69%, while the rate of 
absorption (Cmax) was not significantly increased [12]. Furthermore, rifampicin, a potent CYP3A 
inducer, decreased baricitinib AUC without affecting Cmax [13]. No clinically significant drug-
interaction has been reported between CYP substrates, inhibitors, and inducers with baricitinib. 
Ketoconazole (CYP3A inhibitor) and fluconazole (CYP2C19/CYP2C9/CYP3A inhibitor) did not 
significantly affect baricitinib pharmacokinetics, however, baricitinib clearance was reduced by an 
inhibitor of the transporter, OAT3. Although co-administration of high-fat meal had no effect on 
baricitinib AUC, it reduced Cmax by about 29% with 3 h delayed in tmax and had no clinical influence 
[14]. 

Figure 1. Chemical structures of baricitinib (A) and irbesartan (B).

Baricitinib is rapidly absorbed after oral administration and reaches peak plasma concentrations
at approximately 1 h. Baricitinib oral bioavailability is 79% and it is moderately bound (about 50%) to
plasma proteins mainly albumin [? ]. Baricitinib is primarily metabolized by CYP3A4 enzyme and it is
a substrate of P-glycoprotein (Pgp), organic anionic transporter (OAT) 3, multidrug and toxic extrusion
protein (MATE) 2-K and breast cancer resistance protein (BCRP). Baricitinib pharmacokinetics was
found to be affected by food and concurrent administration of other drugs. The therapeutic effects
and safety of baricitinib are related to the rate and extent of absorption [? ]. It was also found
that probenecid elevates the extent of baricitinb absorption, which represent in the potentiation of
AUC0-inf by twofold and decreased the renal clearance to 69%, while the rate of absorption (Cmax)
was not significantly increased [? ]. Furthermore, rifampicin, a potent CYP3A inducer, decreased
baricitinib AUC without affecting Cmax [? ]. No clinically significant drug-interaction has been
reported between CYP substrates, inhibitors, and inducers with baricitinib. Ketoconazole (CYP3A
inhibitor) and fluconazole (CYP2C19/CYP2C9/CYP3A inhibitor) did not significantly affect baricitinib
pharmacokinetics, however, baricitinib clearance was reduced by an inhibitor of the transporter, OAT3.
Although co-administration of high-fat meal had no effect on baricitinib AUC, it reduced Cmax by
about 29% with 3 h delayed in tmax and had no clinical influence [? ].

Baricitinib safety is a controversial area. Some studies showed that baricitinib was safe and well
tolerated following treatment of patients with moderate to severe RA for 24 weeks [? ? ? ]. However,
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other studies demonstrated that baricitinib induces a stable dose-response increase in LDL-C and
HDL-C levels with developing the risk of thrombosis [? ], elevates infection risk, particularly for
herpes zoster [? ] and GI perforations [? ]. Substantial data concerning baricitinib embryotoxicity and
teratogenicity in humans are lacking. However, pre-clinical animal studies revealed its embryotoxicity,
teratogenicity, and adverse effect on bone development in utero at higher dosages [? ].

RA therapy includes antirheumatic drugs, JAK inhibitors, biologic (such as tumor necrosis factor-α
or and interleukin 6 inhibitors), and nonsteroidal anti-inflammatory drugs mostly in combinations [? ].
Therefore, it is important to study baricitinib pharmacokinetics in different therapeutic approaches.
Currently, TKIs including baricitinib are mostly used as a fixed dosage therapy with no consideration
of inter-individual differences. Although this might be a practical tool, optimal target therapeutic
plasma concentration can be achieved based on dosage individualization strategy using therapeutic
drug monitoring to obtain rapid and effective clinical response with minimum incidence of adverse
effects [? ].

There are very limited resources for validated analytical methods of baricitinib in biological
fluids. Both available methods measure baricitinib in combination with other drugs using either
low purification technique, protein precipitation with low sensitivity and long run time [? ] or solid
phase extraction which is an expensive technique and required high volume of samples [? ]. Hence,
development of a fast and sensitive method for analysis of baricitinib in biological fluids is of great
importance for better understanding of baricitinib performance in both routine therapeutic drug
monitoring and clinical trials. The present study aimed to develop a new, rapid, sensitive, reproducible
and cost-effective method for determination of baricitinib in plasma and to study its applicability in a
pharmacokinetic study in rats.

2. Results and Discussion

2.1. Chromatography and Mass Spectrometry Conditions

Mass spectrometry parameters were optimized to achieve better ionization of baricitinib and
IS molecules. MS optimization was obtained by direct injection of baricitinib and IS into the mass
spectrometer. The mass spectra revealed that more stable and higher responses were obtained in
positive-ion mode. Cone voltage and collision energy parameters were also optimized. The mass
spectra revealed peaks for the most abundant protonated molecular ions [M + H]+ for baricitinib
and IS were obtained at m/z 372.36 and 429.69, respectively. The major (predominant) fragment ions
observed in each product spectrum were at m/z 251.24 and 207.15 for baricitinib and IS, respectively
(Figure ??). Irbersartan was used as internal standard as it has some physical properties similar to the
anayte such as poor solubility in buffer solutions which is essential for separation on HILIC column
and was efficiently extracted with the same solvent. Moreover, it was relatively separated at the same
retention time of the analyte which helps to decrease the separation run time.

Different types of column were tested and Acquity UPLC HILIC BEH 1.7 μm 2.1 × 50 mm
showed good separation. HILIC chromatographic separation mechanism depends on physicochemical
properties of the stationary phase and mobile phase. The mobile phase for HILIC chromatography
includes water-miscible polar organic solvents with a small amount of water or buffer [? ]. We attempted
several organic solvents to use for the mobile phase. Different strengths of acetate and format buffer
concentrations, as well as different pH levels were tested in order to achieve the optimal separation of
baricitinib and IS. Due to the nature of acetonitrile as a water-miscible organic solvent with intermediate
polarity and lacking an acidic proton characteristic that encourages retention of polar analytes and the
ability of ammonium acetate to control pH of the mobile phase and ion strength, they were selected for
use as the mobile phase. 20 mM ammonium acetate buffer solution at pH 3 was used for the mobile
phase because it helped to suppress baricitinib peak tailing and to obtain symmetric and sharp peaks.
Hence, the final choice of the mobile phase was 0.1% formic acid in acetonitrile and 20 mM ammonium
acetate buffer (97:3) at pH 3. The flow rate was 0.2 mL/min. The low amount of buffer in the mobile
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phase is in agreement with Buszewski and Noga [? ]. LC-MS/MS method described here showed
high sensitivity and has a short run time (3.0 min) which is acceptable for routine analyses, which has
advantages over the previous method described by Veeraraghavan et al. [? ].Molecules 2020, 25, x 4 of 14 
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2.2. Method Validation

2.2.1. Selectivity and Specificity

Under the optimized conditions, there were no significant interfering peaks from endogenous sources
that could be observed at the retention time of baricitinib and IS in the blank plasma obtained from six
different rats. The retention times of baricitinib and IS were 1.2 ± 0.02 and 1.16 ± 0.03 min, respectively,
with a total run time of 3.0 min only. Additionally, peaks were detected with excellent resolution and good
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shapes, which concludes acceptable selectivity of the method for routine quantification of baricitinib in
plasma samples. Representative MRM chromatograms of the blank plasma did not show any interfering
peaks at the elution time of baricitinib and IS, as presented in Figure ??A.
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2.2.2. Linearity and Lower Limit of Quantification

The chromatogram of baricitinib and IS in blank plasma and LLOQ are presented in Figure ??B.
At the LLOQ, the signal to noise ratio was greater than 5-fold of the response of the blank sample.
The calibration curves were constructed by plotting peak area ratios (baricitinib/IS) versus concentrations
of baricitinib ranging from 0.2 to 500 ng/mL. The weighing factor of 1/X2 was used for the linear fitting
and least-square residual for the calibration curves. The correlation coefficient was found to be ≥0.997,
LLOQ was quantified with acceptable accuracy and precision (≤20%) (Table ??).
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Table 1. Intra-day and inter-day precision and accuracy values of baracitinib in rat plasma.

Nominal Conc.
(ng/mL)

Intra-Day Inter-Day

Measured Conc.
(ng/mL)

CV (%) Accuracy (%)
Measured Conc.

(ng/mL)
CV (%) Accuracy (%)

0.2 0.17 ± 0.02 13.2 85.3 0.175 ± 0.02 11.4 87.5
0.6 0.54 ± 0.06 11.8 89.4 0.53 ± 0.06 11.3 88.3

40.0 35.99 ± 4.00 11.1 90.0 35.24 ± 3.30 9.4 88.1
400.0 344.36 ± 2.49 2.8 86.9 353.16 ± 6.61 1.9 88.3

2.2.3. Precision and Accuracy

The intra- and inter-day precision and accuracy of the method used are listed in Table ??. Notably,
the intra-day and inter-day precision values for the QC concentrations were ≤13.2% and ≤11.4
(expressed as CV %), respectively. Similarly, intra-day and inter-day accuracy ranged from 85.3% to
90.0% and 87.5% to 88.3%, respectively. The results showed that the assay met the desired acceptable
precision and accuracy criteria set by regulatory guidelines.

2.2.4. Recovery and Matrix Effects

The extraction efficiency (recovery) and matrix effect of baricitinib using QC samples at three
different concentrations (0.6, 40.0, 400.0 ng/mL) and IS (100 ng/mL) are presented in Table ??. The average
extraction efficiency of baricitinib was 87.9%. This was consistent and concentration-independent
of the CV% value was ≤8.2%. The average matrix effect value of baricitinib between three QC
concentration levels was 88.8%. The matrix effect was considered negligible as CV% was ≤10.3% for
all QC concentration levels.

Table 2. Recovery and matrix effect of baracitinib and IS in rat plasma (n = 6).

Drug Name
Nominal

Conc. (ng/mL)
Extraction Recovery Matrix Effects

Mean ± SD Accuracy (%) CV (%) Mean ± SD Accuracy (%) CV (%)

Baracitinib
0.6 0.58 ± 0.04 95.9 5.4 0.63 ± 0.04 89.3 6.8
40.0 34.37 ± 1.85 85.9 8.2 0.53 ± 0.04 89.5 6.8

400.0 351.67±31.32 81.7 0.7 349.54 ± 35.94 87.7 10.3
Irbersartan 100.0 74.33 ± 3.21 74.3 4.3 87.40 ± 2.95 87.4 3.5

2.2.5. Stability

Baricitinib and IS were stable under analysis process and storage conditions. The QC samples
analysis showed no significant changes in comparison to nominal concentrations. In all cases, accuracy
and precision of QC samples were found to be within the acceptable limits of ±15% against freshly
prepared calibration curves as shown in Table ??. Moreover, baricitinib and IS working solutions
were stable (with no significant changes) at room temperature (23–25 ◦C) for 6 h and at refrigerated
temperature (2–8 ◦C) for 10 days.

Table 3. Stability quality control sample of baracitinib in rat plasma (n = 6).

Stability
Conc. (ng/mL)

40.0 ng/mL 400.0 ng/mL

Parameters Mean ± SD
Accuracy

(%)
Precision

(%CV)
Mean ± SD

Accuracy
(%)

Precision
(%CV)

Bench top (6 h) 34.61 ± 3.03 8.7 86.5 343.27 ± 44.76 85.8 13.0
Thaw/freeze (3 cycles) 34.09 ± 3.99 85.1 8.8 345.73 ± 39.84 86.4 11.5

Auto-sampler 35.6 ± 2.69 89.0 7.6 360.36 ± 11.52 90.1 11.5
Long term (at −80 ◦C

for 8 weeks) 34.63 ± 4.63 86.6 13.4 350.56 ± 28.53 87.64 8.1
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2.3. Application to a Pharmacokinetic Study

To verify the sensitivity, selectivity, and efficiency of this method, the method was applied in a
preliminary pharmacokinetic study of baricitinib in male rats after oral administration of 2 mg/kg
suspension of baricitinib. The results of the pharmacokinetic parameters are presented in Table ??.
The Cmax of 129.08 ± 91.4 ng/mL was achieved at 0.5 h after administration of 2 mg/kg of baricitinib
suspension. AUC0–11 and AUC0−∞ were found to be 205.15 ± 101.4 and 222.53 ± 107.2 ng h/mL,
respectively. The values of baricitinib pharmacokinetic parameters in the present work are much lower
than the values reported by Veeraraghavan et al. [? ]. The difference was 5-fold higher Cmax and
4.3-fold higher AUC. However, the values obtained in the current study is highly comparable to the
study reported by Committee for Medicinal Products for Human Use, EMA [? ].

Table 4. Pharmacokinetic Parameters (Mean ± SD) of baracitinib Following Administration of 2 mg/kg
to rats.

Parameters Mean * ± SD

Cmax (ng/mL) 129.08 ± 91.4
AUC0-11 (ng.h/mL) 205.15 ± 101.40
AUC0-inf (ng.h/mL) 222.53 ± 107.20
Kel (h) 0.32 ± 0.04
t1/2 (h) 2.24 ± 0.43
MRT (h) 3.30 ± 0.78
t max (h) 0.5

*: Median for tmax. Cmax, maximum concentration; Tmax, time to reach maximum concentration; AUC0-11, area
under the concentration time curve from 0 to 11 h; AUC0-inf, AUC from 0 h to infinity; t1/2, half-life; MRT, median
residence time.

Representative MRM chromatograms of baricitinib and IS at 1.0 h after oral administration of
baricitinib are shown in Figure ??. Mean plasma concentration versus time profile of baricitinib in
rats is also shown in Figure ??. Notably, the LC-MS/MS method satisfied the requirement of routine
analyses as it had a short run time (3 min).

The only published method involved protein precipitation procedure with a gradient
reversed-phase LC-MS/MS [? ]. Although protein precipitation is widely used as a simple and
rapid sample preparation technique for bioanalysis, it has some disadvantages. Sample cleaning
procedure is relatively poor. The matrix components of extracted samples are not efficiently removed.
Therefore, these components may co-elute with the analytes in the isolated supernatant and interfere
with the ionization process either by enhancing or suppressing ion production. Moreover, this
approach can arise chromatographic separation problems from column fouling or blockage since
the efficiency of precipitation is not optimal [? ? ]. The present method involved liquid–liquid
extraction technique using single step sample extraction procedure. It offers a rapid sample preparation
approach without any tedious or time-consuming steps. This method provides efficient peak resolution
in isocratic elution mode. There was no need for gradient elution of the analytes as reported by
Veeraraghavan et al. [? ]. Moreover, the current method is more sensitive and has a wider calibration
range than the previously published method. This allows the application of this method not only in
pharmacokinetic studies but also in toxicokinetics studies. Moreover, the flow rate of this method
is relatively low (0.25 mL/min) which is four times less compared to that of Veeraraghavan et al. [?
] method (1.00 mL/min). Furthermore, the run time is short (3 min) with both the analyte and IS
eluted at retention time of 1.22 and 1.16 min, respectively. This is shorter run time in comparison with
Veeraraghavan et al. method (7.5 min) in which all the analytes of interest eluted between 3.5–5.3 min [?
]. Therefore, our method has the advantage of minimizing analysis time, solvent consumption and
consequently the relative cost.
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3. Materials and Methods

3.1. Experimental

Baricitinib (>99% purity) was purchased from Enzo Life Sciences, Inc. (Exeter, UK) and irbersartan
(Figure ??B) was purchased from Beijing Mesochem Technology Co., Ltd. (Beijing, China). HPLC-grade
methanol and acetonitrile were obtained from Avonchem Ltd., (Macclesfield, UK) and Winlab Pty.
Ltd. (Brendale, Australia), respectively. Analytical-grade formic acid, dichloromethane, n-hexane,
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and ammonium acetate were obtained from the BDH Laboratory (Lutterworth, UK). Blank rat plasma
was collected and separated from the blood of healthy rats.

3.2. Equipment

Waters Acquity TQD UPLC/ Mass spectrometer (Waters Co., Milford, MA, USA) was used
in the study. Other equipment used included vortex mixer Taboys® model AP 56 (TROEMNER.
Hingham, MA, USA), analytical balance Mettler Toledo® model XS 205 (Greifensee, Switzerland),
and a sample concentrator Thermo® Savant SC210A speed Vac (Waltham, MA, USA). Deionized water
was prepared by Milli-Q reverse osmosis (Millipore®, Bedford, MA, USA).

3.3. Chromatographic Conditions

Sample analysis was performed on an Acquity TQD UPLC-MS/MS system (Waters Co.,
Milford, MA, USA). The triple quadrupole mass spectrometer was operated in the MRM mode,
and detection was carried out using electrospray ionization (ESI) in the positive ion mode. In addition,
the mass spectrometry parameters including parent to daughter ion transition, collision energy, cone
voltage, and dwell time were optimized to determine the analyte and IS (Table ??). The collision gas
(argon) flow rate was kept at 0.1 mL/min and the desolvation gas (nitrogen) flow rate was optimized to
600 L/h. Notably, chromatographic separation was achieved using a Waters Acquity UPLC HILIC BEH
1.7 μm 2.1 × 50 mm column with the mobile phase consisting of 0.1% formic acid in acetonitrile and
20 mM ammonium acetate (pH 3). The flow rate was 0.2 mL/min.

Table 5. Mass optimization parameter for, baracitinib and irbersartan (IS).

Parameters Baracitinib Irbersartan

I. Parameters of compound-dependent

SRM transition (m/z) (Parent) 372.15 429.20
Daughter 251.24 207.35

Collision energy (eV) 52 38
Cone voltages 30 22

II. Parameters of source-dependent

Collision gas Argon with a flow rate of 0.1 mL/min
Desolvating gas Nitrogen with flow rate of 600 L/h

Desolvating temperature (◦C) 350
Source temperature was (◦C) 150

The capillary voltage (kV) 4

3.4. Preparation of Stock and Working Solutions

The standard stock solutions of baricitinib and irbesartan were prepared individually by dissolving
5 mg of each drug in dimethyl sulfoxide (DMSO, Loba Chemi, Mumbai, India). Stock solutions were
then diluted with methanol to obtain working solutions of 1000 μg/mL for both baricitinib and IS.
Further dilution was carried out in acetonitrile to yield working solutions (20μg/mL) for both the analyte
and IS. The calibration range was 0.2 to 500 ng/mL (0.2, 1.0, 5.0, 1.0, 20.0, 100.0, 200.0, and 500.0 ng/mL).
Three quality control samples at three concentration levels 0.6, 40.0, and 400.0 ng/mL and lower limit
of quantitation (LLOQ; 0.2 ng/mL) were prepared.

3.5. Sample Preparation

Baricitinib and IS were extracted from rat plasma using liquid–liquid extraction. 20μL of irbesartan
working solution (20 μg/mL) was added to 100 μL plasma samples. After vortex-mixing for 20 s,
1 mL of n-hexane:dichlromethane mixture (1:1) was added. Samples were then mixed for 1 min
and centrifuged for 5 min at 5600× g. The supernatant (0.8 mL) was transferred to a 5-mL tube and
evaporated to dryness at 40 ◦C. Residues were reconstituted in 100 μL of the mobile phase and 5 μL
was injected into the LC-MS/MS system.
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3.6. Method Validation

The method was validated according to the FDA and EMA guidelines for bioanalytical method
validation [? ? ].

The selectivity of the proposed method was estimated by analyzing rat blank plasma samples
from 6 different sources to detect the interfering peaks at the same retention times of the analyte and IS.
The sensitivity of the method is expressed by the LLOQ, which is defined as the lowest concentration
of an analyte that can be accurately measured.

The plasma calibration curves were constructed by plotting the peak area ratios (baricitinib/IS)
against baricitinib concentrations covering the expected range (0.2–500 ng/mL), including the LLOQ.
The correlation coefficient (r2) of calibration curves should not less than 0.99. The limit of detection
(LOD) is defined as the concentration of an analyte yielding a peak with a signal to noise ratio of 3,
while this ratio is 5 times for the low limit of quantification (LOQ).

The accuracy and precision of the method were determined by analyzing three different QC
concentrations (low, medium and high QC samples) representing the entire range of the calibration
curve and LLOQ samples. Inter-day accuracy and precision were measured consecutively for three
days, whereas intra-day accuracy and precision were measured in one day. Accuracy of QC samples
should be within ±15% of the nominal concentrations of QC samples and 20% for LLOQ. Precision
should not exceed 15% CV% for QC samples and 20% for LLOQ.

Stability of the analyte was assessed using five measurements of QC samples at low and high
concentrations after exposure to different conditions of storage and processing temperature. Baracitinib
stability was evaluated after three freeze-thaw cycles, storage at room temperature (23–25 ◦C) for 6 h
(short term stability), and subsequent storage for eight weeks at −80 ◦C (long term stability). Moreover,
the stability of stock and working solutions of baricitinib and the IS at room temperature for 6 h
(23–25 ◦C) and at refrigerator (2–8 ◦C) for 12 days was tested.

The absolute recovery of the method was determined by comparing the average of peak area
measurements obtained from the blank plasma spiked before extraction to those obtained from the
blank plasma spiked after extraction. The effect of the matrix was evaluated by comparing the peak
area ratios of post-extracted plasma spiked with baricitinib and IS to peak area ratio of real solutions
contain the same concentration.

3.7. Animal

Sprague Dawely rats weighing 200–230 g were obtained from the animal house at the National
Organization for Drug Control and Research, Giza, Egypt. Rats were fed standard sufficient food
and water and experiments were performed under the Guide for Care and Use of laboratory animals.
experimental protocols were approved by the ethics committee of the Faculty of Pharmacy at Al-Azhar
University, Cairo, Egypt (no. 206).

3.8. Application to a Pharmacokinetic Study

To demonstrate the utility of the present method, a pharmacokinetic study of baricitinib was
performed on six male Sprague Dawely rats (200–230 g). Baricitinib was used to create a suspension
using 1% carboxymethyl cellulose. Following overnight fasting, the drug was administered in a dose
of 2 mg/10 mL/kg. Blood samples (approximately 0.25 mL) were then collected from the retro-orbital
plexus into heparinized tubes at 0.0, 0.25, 0.5, 0.75, 1.0, 1.25, 2.0, 3.0, 5.0, 7.0, 9.0, and 11.0 h post-dosing.
Plasma samples were obtained by centrifuging the blood at 4250× g for 5 min and stored frozen at
−80 ◦C until analysis. The pharmacokinetic parameters Cmax, tmax, AUC, t 1

2
, and Kel were calculated

using WinNonlin software.
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4. Conclusions

A new rapid, sensitive, selective, reproducible, precise, and accurate UPLC-MS/MS method was
developed and validated for the baricitinib plasma quantitation of. The method met the acceptance
criteria for bioanalytical method validation defined by the recent FDA and EMA guidelines. The method
was successfully applied in pharmacokinetic study following oral administration of a single dose
of baricitinib in male rats under fasting conditions. This method demonstrates its applicability in
relevant preclinical, therapeutic drug monitoring and potentially for pharmacokinetic studies of the
baricitinib-drug interaction.
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Abstract: As a novel monoterpenoid indole alkaloid, gardneramine has been confirmed to possess
excellent nervous depressive effects. However, there have been no reports about the measurement
of gardneramine in vitro and in vivo. The motivation of this study was to establish and validate
a specific, sensitive, and robust analytical method based on UHPLC-MS/MS for quantification of
gardneramine in rat plasma and various tissues after intravenous administration. The analyte was
extracted from plasma and tissue samples by protein precipitation with methanol using theophylline
as an internal standard (I.S.). The analytes were separated on an Agilent ZORBAX Eclipse Plus
C18 column using a gradient elution of acetonitrile and 0.1% formic acid in water at a flow rate
of 0.3 mL/min. Gardneramine and I.S. were detected and quantified using positive electrospray
ionization in multiple reaction monitoring (MRM) mode with transitions of m/z 413.1→217.9 for
gardneramine and m/z 181.2→124.1 for I.S. Perfect linearity range was 1–2000 ng/mL with a correlation
coefficient (r2) of ≥0.990. The lower limit of quantification (LLOQ) of 1.0 ng/mL was adequate for
application to different preclinical studies. The method was successfully applied for determination of
gardneramine in bio-samples.

Keywords: gardneramine; monoterpenoid indole alkaloid; LC-MS/MS; pharmacokinetics;
tissue distribution

1. Introduction

Gardneramine is a monoterpenoid indole alkaloid found in the plant species Gardneria nutans Sieb.,
Gardneria multiflora Makino, Gardneria ovata Wall, and other Gardneria species. [1–5]. Gardneria belongs
to the Loganiaceae family and is widely distributed in east and southeast Asia, which is from India to
central Japan and Java. All species can be found in China and were richest in Yunnan province [6,7].
Most of plants in this genus as traditional Chinese medicine, such as Gardneria anguatifolia Wall and
Gardneria multiflora Makino, are employed to treat kidney deficiency, enuresis, aching lumbus and
knees, wind-dampBi-syndrome, and injuries from falls [8].

Monoterpenoid indole alkaloids have long been a focus of natural product research because of
their unusual carbon skeletons as well as potential bioactivities [9–11]. Gardneramine as an active
monoterpenoid indole alkaloid has been shown to have excellent central depressive effect [12], to
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affect neuromuscular transmission [13], to produce a hypotensive effect like papaverine derived
from peripheral vasodilatation, to have direct depressive action on myocardium, and to have central
depressive action [14]. Previous studies indicated that gardneramine possesses a hexamethonium-like
action on superior cervical ganglion and depresses the contraction of the organ through an inhibition
of the parasympathetic ganglionic transmission [15,16]. Moreover, gardneramine was known to be
an antagonist of nicotinic receptor by selectively inhibiting dimethylphenylpiperazinium-induced
contraction [17]. These significant findings provide the basis for the further in-depth drug-targeted
research of gardneramine as a novel anesthetic agent.

To our knowledge, the preclinical pharmacokinetic studies play a main role that can be used to
make critical decisions supporting the safety and efficacy of the development of a new drug. In view of
gardneramine as a potential anesthetic agent, it is of pivotal importance to understand its absorption
and distribution in vivo. However, there is no report on the pharmacokinetics and tissue distribution
studies of gardneramine in bio-samples. Therefore, in order to understand the characterization and
diversity of gardneramine in vivo, it is also necessary and meaningful to establish a more accurate and
selective bioanalytical method for the determination of gardneramine in plasma and various tissues.

Nowadays, UHPLC-MS/MS is a powerful technique used for drug research in vivo. Therefore, the
aim of this investigation was to establish and validate a sensitive and credible approach for analyzing
gardneramine in rat plasma and organs by using an UHPLC-MS/MS. Applying this method, we
conducted the preclinical pharmacokinetics and tissue distribution characteristics of gardneramine in
rats after intravenous administration.

2. Results and Discussion

2.1. Optimization of LC-MS/MS Conditions

To optimize MS/MS parameters, the feasibility of electrospray in both positive and negative ion
modes were investigated. Gardneramine and I.S. were found to show higher response in positive
ion mode. MRM mode was used to select the precursor ions and product ions, which were shown in
Figure 1. A precursor ion and two MRM transitions have been established for gardneramine. The MRM
transitions for gardneramine and I.S. were m/z 413.1→217.9 and m/z 181.2→124.1, respectively, which
were employed for quantitative analysis. The qualifier ion for gardneramine was set at m/z 232.9.
The parameters, such as declustering potential (DP) and collision energy (CE), were optimized to
acquire higher sensitivity, which are shown in Table 1.
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Table 1. Optimized mass spectrometry conditions for the determination of gardneramine and I.S.

Analytes
Precursor Ion

(m/z)
Product Ion (m/z)

Declustering
Potential (V)

Collision Energy
(eV)

gardneramine 413.1 217.9 134.8 62.9
232.9 123.9 46

I.S. 181.2 124.1 70 26.6

We also attempted to improve the mobile phase system in several trials. To obtain a satisfactory
chromatograph, acetonitrile and 0.1% formic acid water were adopted as the mobile phase and column
temperature and flow rate were optimized as 30 ◦C and 0.3 mL/min, respectively. The mobile phase
additive, column temperature, flow rate, and run time were optimized. Finally, a gradient behavior
was selected, and total run time was finished in 5.5 min.

2.2. Optimization of the Extraction Method

Protein precipitation and liquid–liquid extraction was considerably compared to select a suitable
method for sample pretreatment. Ethyl acetate, dichloromethane, and tert-butyl ether as extracting
agents produced low recovery and detectable interference from plasma matrix. Thus, protein
precipitation was selected to perform the quantitative analysis. Methanol and acetonitrile were
compared to screen a suitable solvent for protein precipitation, and deproteinization with methanol
provided a high extraction recovery of more than 88.03% for gardneramine.

2.3. Method Validation

Typical MRM chromatograms of gardneramine and theophylline (I.S.) are shown in Figure 2,
which were involved blank plasma, blank plasma spiked with gardneramine and I.S., and the plasma
sample obtained from a rat 2 h after intravenous administration of gardneramine. Gardneramine and
I.S. were eluted at retention times of 2.61 and 1.88 min, respectively. Under the validated HPLC-MS/MS
conditions, no interference peaks were observed at the retention time of gardneramine and I.S. This
result revealed that bio-samples could be accurately differentiated and quantified with this method.
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Figure 2. Typical chromatograms of gardneramine and theophylline (I.S.) in rat plasma samples:
(A) blank rat plasma; (B) blank rat plasma spiked with gardneramine (2.61 min) and I.S. (1.88 min);
(C) plasma sample from the pharmacokinetic study; and (D) blank rat plasma spiked with gardneramine
at lower limit of quantification (LLOQ).

The calibration curves, correlation coefficients, linear ranges, and lower limit of quantification
(LLOQ) of gardneramine in the rat plasma and tissues homogenates were presented in Table 2.
The calibration ranging from 1 to 2000 ng/mL yielded a good linearity (r2 > 0.990) corresponding to the
range for gardneramine. The lower limit of quantification (LLOQ) for gardneramine was 1 ng/mL.

A summary of precision and accuracy of gardneramine in rat plasma and tissues is shown in
Table 3. The data suggested that the precision and accuracy of the method were sufficient for the
quantification of gardneramine in rat plasma and tissues.

The results of extraction recovery and matrix effects are presented in Table 4, which suggest that
the endogenous matrix had no significant impact on the measurement of gardneramine in biological
samples; the extraction recoveries of gardneramine at four levels were no less than 88%, indicating that
the method of extraction we selected was dependable.

Stability data of gardneramine in rat plasma and different tissues are listed in Table 5 and show
that gardneramine was stably detected in bio-samples stored under various conditions.
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The results of dilution integrity experiments indicated that the accuracy of measured concentration
was below 9.8 with a precision of no more than 3.8, which was acceptable in dilution integrity analysis.

Table 2. Standard curves and LLOQ of gardneramine in biological samples.

Samples Calibration Curves Correlation Coefficients (r) Linear Ranges (ng/mL) LLOQs (ng/mL)

Plasma Y = 0.0720 + 0.18447x 0.9924 1–2000 1
Heart Y = −0.0943 + 0.13776x 0.9931 1–2000 1
Liver Y = 0.0836 + 0.19987x 0.9906 1–2000 1

Spleen Y = −0.0286 + 0.20747x 0.9913 1–2000 1
Lung Y = 0.0996 + 0.09197x 0.9954 1–2000 1

Kidney Y = 0.0193 + 0.25430x 0.9941 1–2000 1
Brain Y = −0.0749 + 0.14529x 0.9917 1–2000 1

Intestine Y = 0.0974 + 0.19646x 0.9962 1–2000 1
Stomach Y = 0.0432 + 0.37274x 0.9901 1–2000 1

Table 3. Precision and accuracy of gardneramine in rat plasma and tissue homogenates (n = 6).

Samples
Spiked Concentration

(ng/mL)

Intraday Interday

Precision
(RSD, %)

Accuracy
(Mean%)

Precision
(RSD, %)

Accuracy
(Mean%)

Plasma 1 8.94 0.98 2.31 −1.38
3 6.09 3.13 2.30 5.49

45 4.89 1.33 6.27 4.29
1600 5.80 3.65 3.47 4.89

Heart 1 3.05 1.02 4.03 4.21
3 4.78 −1.42 3.75 −2.88
45 4.53 1.33 4.08 3.18

1600 3.88 3.79 2.81 3.88

Liver 1 3.64 1.02 3.27 3.62
3 4.58 2.42 3.12 2.28
45 2.57 0.33 2.13 0.17

1600 3.96 0.53 5.07 −1.61

Spleen 1 3.34 0.33 7.10 −2.91
3 3.07 −0.78 4.47 1.23
45 2.24 −0.28 4.44 1.40

1600 3.50 −1.39 1.04 −1.66

Lung 1 4.67 1.02 1.03 2.81
3 3.56 2.84 2.24 −5.76
45 1.69 −1.00 4.15 −2.26

1600 3.50 1.84 3.14 2.87

Kidney 1 2.14 0.88 2.27 1.43
3 2.74 3.55 4.96 5.53
45 3.51 0.76 5.93 −1.72

1600 9.59 2.32 4.38 4.77

Brain 1 4.47 1.03 2.64 3.96
3 2.58 3.12 6.32 6.61

45 4.86 −2.06 1.93 −2.77
1600 10.24 0.47 4.07 −1.27

Intestine 1 4.76 0.92 7.77 −5.36
3 3.26 −0.03 12.32 −4.68

45 6.20 0.02 5.09 0.84
1600 3.32 4.66 2.98 6.13

Stomach 1 4.55 0.16 3.50 −1.08
3 5.27 3.20 2.40 8.17

45 3.58 0.20 8.53 −2.49
1600 11.08 −6.79 4.05 −8.04
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Table 4. Matrix effect and extraction recovery of gardneramine in rat plasma and tissue homogenates
(n = 5).

Samples
Spiked Concentration

(ng/mL)

Matrix Effect Extraction Recovery

Mean ± SD
(%)

RSD (%)
Mean ± SD

(%)
RSD
(%)

Plasma 1 101.1 ± 5.8 5.8 101.6 ± 6.6 6.5
3 101.4 ± 7.1 7.0 99.0 ± 7.5 7.5
45 103.1 ± 6.9 6.7 93.5 ± 6.2 6.6

1600 99.5 ± 4.1 4.1 99.5 ± 3.3 3.3

Heart 1 92.1 ± 3.5 3.8 94.0 ± 8.1 8.7
3 99.8 ± 5.2 5.2 101.3 ± 5.9 5.8

45 95.8 ± 6.1 6.4 99.9 ± 6.9 6.9
1600 106.5 ± 9.6 9.0 95.3 ± 1.1 1.1

Liver 1 100.6 ± 1.3 1.3 99.5 ± 1.4 1.4
3 102.0 ± 4.9 4.8 104.3 ± 3.7 3.5
45 102.9 ± 1.9 1.9 99.6 ± 2.6 2.6

1600 95.9 ± 3.4 3.5 102.6 ± 5.6 5.4

Spleen 1 96.3 ± 2.1 2.2 99.1 ± 2.3 2.4
3 84.0 ± 3.5 4.2 111.1 ± 6.1 5.5

45 113.05 ± 8.5 7.5 100.8 ± 9.9 9.9
1600 111.4 ± 6.5 5.8 102.9 ± 4.4 4.2

Lung 1 99.9 ± 0.8 0.8 98.8 ± 5.0 5.1
3 104.3 ± 2.7 2.6 103.1 ± 9.4 9.2
45 101.2 ± 3.8 3.8 100.6 ± 3.9 3.8

1600 100.8 ± 0.5 0.5 102.3 ± 3.7 3.6

Kidney 1 97.9 ± 3.6 3.6 101.5 ± 3.1 3.0
3 95.6 ± 5.4 5.6 96.9 ± 5.4 5.6

45 104.5 ± 3.9 3.7 99.4 ± 6.1 6.1
1600 111.3 ± 2.0 1.8 91.6 ± 3.0 3.2

Brain 1 103.0 ± 9.1 8.8 95.0 ± 10.7 11.3
3 106.2 ± 3.3 3.1 100.7 ± 5.9 5.9
45 93.9 ± 3.5 3.8 103.3 ± 2.6 2.5

1600 105.2 ± 1.0 1.0 100.4 ± 1.7 1.7

Intestine 1 100.8 ± 3.7 3.7 101.8 ± 5.5 5.4
3 98.7 ± 1.5 1.5 88.0 ± 2.0 2.3

45 100.3 ± 5.9 5.9 98.9 ± 4.0 4.0
1600 96.0 ± 5.3 5.5 93.0 ± 4.5 4.8

Stomach 1 103.5 ± 3.4 3.3 100.0 ± 4.0 4.0
3 94.6 ± 4.0 4.2 107.3 ± 1.6 1.5
45 107.4 ± 5.9 5.5 105.9 ± 4.6 4.4

1600 99.2 ± 5.2 5.3 105.3 ± 5.5 5.3
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Table 5. Stability test of gardneramine in rat plasma and tissue homogenates (n = 5).

Samples

Spiked
CONC
(ng/mL)

Short-Term (at Room
Temperature for 4 h)

Autosampler 4 ◦C
for 24 h

Three
Freeze-Thaw

Cycles

Long-Term (at −20 ◦C
for 30 days)

RE 1 (%) RSD (%) RE (%)
RSD
(%)

RE (%)
RSD
(%)

RE (%) RSD (%)

3 −10.2 6.62 −0.37 8.27 −3.45 5.06 12.8 4.55
Plasma 45 −4.78 1.50 −2.49 5.50 −1.72 5.64 1.37 4.01

1600 −1.15 2.37 −1.56 3.69 −4.36 2.18 −1.11 7.07

3 4.33 5.94 2.20 2.11 3.59 3.60 0.11 3.81
Heart 45 −11.7 2.60 −10.7 6.66 −7.75 4.44 4.49 3.37

1600 0.77 3.32 −4.75 6.08 −4.89 2.25 −1.86 5.10

3 −3.00 6.03 4.20 6.56 3.57 3.26 −2.75 6.10
Liver 45 1.76 3.19 0.66 3.75 5.36 6.22 −5.4 2.31

1600 −2.10 2.99 2.09 2.32 −0.10 3.96 4.12 5.68

3 −0.92 2.90 −4.67 5.49 −1.69 5.40 −7.62 2.38
Spleen 45 8.75 2.16 5.20 3.68 11.4 3.29 12.5 3.37

1600 12.2 2.97 4.66 3.59 9.10 4.58 3.67 1.77

3 7.71 5.70 7.86 3.79 9.81 3.23 3.03 1.13
Lung 45 0.94 7.00 2.15 5.19 6.06 1.60 −2.63 2.31

1600 0.47 1.49 4.32 4.12 −1.53 2.97 0.59 5.68

3 2.77 3.63 −8.30 2.61 −3.34 6.06 −8.27 2.52
Kidney 45 6.29 1.18 −4.53 8.27 −6.90 3.19 −8.88 1.96

1600 −0.45 2.08 −10.36 4.59 6.73 4.85 0.49 3.49

3 0.49 4.66 4.25 7.41 −4.07 2.50 −7.66 2.52
Brain 45 3.50 4.19 4.25 2.00 4.02 5.85 4.91 5.13

1600 1.20 5.52 −1.89 6.80 3.52 1.85 9.09 4.41

3 −4.88 4.45 −1.67 8.33 0.97 5.99 6.04 3.51
Intestine 45 −2.93 4.54 −6.52 4.54 −5.83 4.03 −9.83 5.02

1600 −2.07 3.71 4.35 1.49 −2.42 5.78 −0.41 2.68

3 −3.04 2.28 −3.46 1.76 −1.04 4.59 −0.18 6.49
Stomach 45 3.71 2.75 1.39 4.53 −2.04 4.88 6.23 2.24

1600 −11.7 4.26 0.55 6.57 −11.3 6.76 −5.87 7.83
1 RE was relative error.

2.4. Pharmacokinetic Study

The validated UHPLC-MS/MS approach was successfully applied to pharmacokinetic study of
gardneramine after intravenous administration of 10 mg/kg to rats. The mean plasma concentration-
time profiles of gardneramine and major pharmacokinetic parameters are depicted in Figure 3.
The pharmacokinetic parameters were estimated by using non-compartment model and are summarized
in Table 6. After the intravenous administration of gardneramine in rats, elimination was fast with t1/2

of 1.94 h, indicating that the residence time of gardneramine was short. Moreover, rapid decline of
the plasma concentration could be partly due to tissue distribution quickly, which was demonstrated
by Vd of 19.30 ± 2.88 L/kg. Vd reflected the tissue uptake after intravenous administration, and the
higher the value, the wider the distribution. At present, this is the first study about pharmacokinetics
characteristics of gardneramine in vivo, and the observations suggested that the validated analytical
UHPLC-MS/MS method was suitable and sufficient.
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and then decreased in the following 2 h, which indicated that it could pass through the blood-brain 
barrier and did not accumulate during the detection period. The result was suggested that 
gardneramine could have potential to treat brain-related diseases, which was in coincidence with its 
central nervous activities. However, these findings require confirmation by further researches. 

Figure 3. Plasma concentration-time profiles of gardneramine after intravenous injection of
gardneramine at dose of 10 mg/kg (n = 12).

Table 6. The pharmacokinetic parameters of gardneramine in rat plasma (n = 12).

Parameters Value

t1/2 (h) 1.94 ± 0.46
AUC0–t (ng h/mL) 843.36 ± 54.02
AUC0–∞ (ng h/mL) 1443.88 ± 207.96

MRTiv (h) 2.70 ± 0.64
CL (L/h/kg) 7.07 ± 1.00
Vd (L/kg) 19.30 ± 2.88

2.5. Tissue Distribution

The established LC-MS/MS method was successfully applied for determination of gardneramine in
rat tissues after an intravenous administration of 10 mg/kg gardneramine, as depicted in Figure 4. After
intravenous injection, gardneramine underwent a wide distribution into all tested tissues, especially
mainly into the intestine. The highest concentration of gardneramine was observed in the intestine
(40.7± 3.2 μg/g, 0.5 h), followed consequently by intestine (22.3± 2.8 μg/g, 1 h), intestine (16.7± 1.8 μg/g,
2 h), lung (15.8 ±1.2 μg/g, 1 h), and liver (13.1 ± 0.9 μg/g, 0.5 h), which might have been attributed to
the high blood flow in these organs. We speculate that these organs may be the targets of gardneramine
and hypothesize a first rapid passage of gardneramine from the blood to the intestine and to the
stomach partially, from which the substance would then be reabsorbed to reach the lung and kidney,
where the concentration reaches a maximum after 1 h from administration. As we know, gut microbiota
communicates with the central nervous system [18–21]. Gardneramine has a good ability to be absorbed
in the intestine, suggesting that it perhaps influences the brain function and behavior by the gut-brain
axis, which requires further researches. Meanwhile, the concentration of gardneramine in brain was
increased within 2 h (4.5 ± 0.2 μg/g, 2 h) and then decreased in the following 2 h, which indicated that
it could pass through the blood-brain barrier and did not accumulate during the detection period.
The result was suggested that gardneramine could have potential to treat brain-related diseases, which
was in coincidence with its central nervous activities. However, these findings require confirmation by
further researches.
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3. Materials and Methods

3.1. Chemicals and Reagents

Gardneramine (purity over 98%, by HPLC, Agilent Technologies, Palo Alto, CA, USA) was
isolated from the roots of Gardneria multiflora Makino., and its structure was identified by detailed
HR-MS and NMR analysis (Bruker, Karlsruhe, Germany). Theophylline as internal standard was
purchased from Sigma-Aldrich (Shanghai, China). HPLC-grade acetonitrile and formic acid were
purchased from Fisher Scientific (Tustin, CA, USA). Ultra-pure water, which was prepared by a Milli-Q
purification system (Bedford, MA, USA), was used for the mobile phase.

3.2. Animals

Sprague Dawley (SD) rats (weighing 220± 20 g) were provided by the Experimental Animal Centre
of China Medical University (Shenyang, China). All protocols and care of the rats were performed in
compliance with the Guidelines for Care and Use of Laboratory Animals of China Medical University
and authorized by the Animal Ethics Committee of the institution (code number: CMU2019202).
The rats were acclimatized in an environmentally controlled breeding room in a 12 h light/dark cycle
for one week at 22 ± 2 ◦C and 55 ± 10% relative humidity, with food and water provided ad libitum
prior to testing, and then fasted with free access to water for 12 h before drug administration.

3.3. Instrumentation and Conditions

Samples were analyzed using an Agilent series 1290 UHPLC system (Agilent Technologies, Palo
Alto, CA, USA) equipped with an AB 3500 triple-quadrupole mass spectrometer (AB Sciex, Ontario,
Canada) and an electrospray source. The separation was carried out by using an Agilent ZORBAX
Eclipse Plus C18 column (100 mm × 3.0 mm i.d., 1.8 μm) at 30 ◦C. A gradient elution program was
performed using a mobile phase consists of acetonitrile (A) and 0.1% formic acid aqueous solution
(B) as follows: 20–20% A (0–0.2 min), 20–95% A (0.2–2.3 min), 95–95% A (2.3–4.4min), and 20–20% A
(4.5–5.5 min). The flow rate was 0.3 mL/min, and injection volume was 10 μL.

The mass spectrometer (AB Sciex, Concord, ON, Canada) was operated under multiple reaction
monitoring (MRM) in a positive ionization mode using the following conditions: ion spray voltage of
5.5 kV, turbo spray temperature of 530 ◦C, gas 1 at 35.0 psi, gas 2 at 30.0 psi, curtain gas at 35.0 psi, and
collision gas at 8.0 psi. The transitions (precursor-product) monitored were at m/z 413.1→217.9 and
413.1→232.9 for gardneramine and at m/z 181.2→124.1 for theophylline (I.S.). The optimized precursor
and product ion-pairs and the mass spectrometer parameters are summarized in Table 1.
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3.4. Preparation of Calibration Standards and Quality Control Samples

The stock solutions of gardneramine and I.S. were prepared by dissolving each reagent in methanol
with the concentration of 1.00 mg/mL and stored at−25 ◦C. Calibration working solutions were achieved
at 1.0, 5.0, 10.0, 40.0, 160.0, 400, 800, and 2000 ng/mL by diluting the stock solutions with methanol.
The quality control samples were prepared at concentrations of 3.0, 45.0, and 1600 ng/mL for plasma
and tissue samples. The intermediate stock solutions and working solutions were stored at 4 ◦C until
use for no longer than 4 weeks.

3.5. Sample Preparation

The 100 μL of plasma sample, 50 μL of I.S., and 200 μL of methanol were added in 500 μL
microcentrifuge tubes and then extracted by vortexing for 1 min to precipitate proteins. After a
10 min centrifugation step at 12,000× g, the upper organic layer was transferred to another tube and
evaporated to dryness with a stream of nitrogen at 35 ◦C. The residues were reconstituted in 100 μL of
initial mobile phase and centrifuged at 12,000× g for 10 min; 10 μL of the supernatant was transferred
to sampling vials for the LC-MS/MS system.

The tissue samples (1.0 g) were homogenized in normal saline (5 mL). Homogenized tissues
were centrifuged at 12,000× g for 10 min, and then, the upper layer was transferred to another tube.
Subsequently, 100 μL of supernatant was treated in the same manner as the plasma sample.

3.6. Method Validation

Based on the FDA and EMA guidelines for bioanalytical method validation, the indicators of
evaluation including selectivity, linearity, precision, accuracy, extraction recovery, matrix effect, and
stability were followed for all experiments.

3.6.1. Selectivity

The selectivity was assessed by comparing the chromatograms of blank rat plasma from six
different sources, blank plasma-spiked gardneramine and theophylline, and actual samples after
administration of gardneramine to investigate the potential interferences at the retention times of
gardneramine and I.S.

3.6.2. Linearity and Sensitivity

The calibration curves were generated by analyzing spiked calibration samples, ranging from 1
ng/mL to 2 μg/mL. The linearity of calibration curves was assessed by plotting the peak area ratio of
gardneramine to I.S. versus the nominal concentration of gardneramine by weighted (1/x2) least square
linear regression. The lower limit of quantification (LLOQ) was defined as the lowest concentration on
the standard curve with a signal-to-noise (S/N) ratio > 5 and both the precision and accuracy <20%.

3.6.3. Precision and Accuracy

The intra-day and inter-day precision and accuracy were evaluated by analyzing QC samples and
LLOQ concentrations on three consecutive days (n = 6). Precision was calculated as relative standard
deviation (RSD), while the accuracy was measured as relative error (RE).

3.6.4. Extraction Recovery and Matrix Effects

For extraction recovery and matrix effect analysis, QC samples with three concentrations and
LLOQ level were applied. Recovery was evaluated by comparing the responses of gardneramine
from QC samples pre-spiked in blank sample with those of post-extracted blank plasma spiked at the
same concentration (n = 5). The matrix effect was quantified by the comparison of the peak areas of
post-extracted spiked rat plasma with those of equivalent concentrations of pure standard solutions
(n = 5).
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3.6.5. Stability

Stability test of gardneramine was evaluated by examining three concentrations of QC samples
with five replicates under different storage conditions: (1) freeze-thaw cycles stability (three cycles),
(2) at room temperature for 4 h, (3) at 4 ◦C for 24 h, and (4) at −80 ◦C for 4 weeks.

3.6.6. Dilution Integrity

The concentrations of gardneramine in some tissue samples are higher than the upper limit of
quantitation (ULOQ). Experiments was performed by a 4.5-fold dilution of ULOQ concentration (n = 6),
with both of accuracy and precision no more than 15%.

3.7. Pharmacokinetic Study

Gardneramine was dissolved in polyethylene glycol (PEG)-saline (1:4, PEG: 380–420) for the
preparation of dosing solutions. Twelve SD rats (220 ± 20 g) were intravenously administrated with
a single dose of 10 mg/kg. Blood samples (about 0.25 mL) were collected from suborbital vein of
each rat at 2, 5, 10, 15, 30, 45, 60, 90, 120, 150, 180, 240, and 480 min after intravenous administration.
The samples were placed in heparinized centrifuge tubes and immediately separated by centrifugation
at 12,000× g for 10 min, and then, the supernatant fractions were transferred and stored at −20 ◦C until
further analysis.

3.8. Tissue Distribution Study

Twenty rats were randomly divided into four groups (n = 5 per group), and intravenous dose
was 10 mg/kg. Different tissues were harvested at each time point (30, 60, 120, and 240 min after
administration) and prepared by the methods described in Section 3.5: Sample Preparation.

4. Conclusions

An accurate, sensitive, and efficient UHPLC-MS/MS method was established and validated for the
measurement of gardneramine in bio-samples for the first time, and it was successfully used to evaluate
pharmacokinetics and tissue distribution profile of gardneramine after intravenous administration to
rats. The results suggested that gardneramine was well absorbed in plasma and all the other tissues
tested in this study. Additionally, gardneramine can be easily taken up by intestine and brain, which
revealed that gardneramine may be useful to the development of brain-related diseases therapeutics.
Therefore, these findings will help to provide a reference for safe and effective drug doses for the
further pharmacological and clinical practice of gardneramine and structural analogues.
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Abstract: With the increase in the number of medicines patients have to take, there has been a
rapid rise of fixed-dose combinations (FDCs) in the last two decades. Prior to FDC development,
pharmacokinetic properties of active pharmaceutical ingredients (APIs) have to be evaluated, as well
as methods for their determination developed. So as to increase patient compliance in inflammatory
bowel disease, three novel FDCs of thiopurine immunosuppressants and folic acid are proposed;
physico-chemical and pharmacokinetic properties such as hydrophobicity, lipophilicity and plasma
protein binding of all APIs are evaluated. Moreover, experimental results of different properties are
compared to those computed by various on-line prediction platforms so as to evaluate the viability
of the in silico approach. A simultaneous method for their determination is developed, optimized,
validated and applied to commercial tablet formulations. The method has shown to be fast, selective,
accurate and precise, showing potential for reliable determination of API content in proposed FDCs
during its development.

Keywords: inflammatory bowel disease; fixed-dose combination; biomimetic chromatography;
thiopurine immunosuppressants; folic acid

1. Introduction

Inflammatory bowel disease (IBD) comprises a group of idiopathic inflammatory gastrointestinal
diseases with intestinal and extraintestinal manifestations. Crohn’s disease (CD) and ulcerative colitis
(UC) are two main phenotypes of IBD; conditions that are chronic and often progressive with periods
of exacerbation and remission. Despite the wide range of biological agents arising in IBD each year,
the cornerstone of IBD treatment are still classical immunosuppressants (methotrexate, thiopurines),
corticosteroids in flares and 5-aminosalicylates predominantly in UC [1]. Interventions with antibiotics,
such as ciprofloxacin and corticosteroids, are often required in addition to maintenance therapy [2].
Moreover, IBD patients are at a risk for a variety of nutritional deficiencies because of reduced nutrient
intake or absorption, as well as increased nutrient losses. Numerous nutrient deficiencies have been
reported in IBD patients with varying degrees of prevalence and clinical significance. Many studies
have shown that folate deficiency is one of the most noteworthy in CD and UC patients. It is common in
up to 80% of IBD patients and is associated with megaloblastic anemia and increased risk of developing
colorectal cancer [3–5]. Moreover, folic acid, according to European Crohn and Colitis Organization
(ECCO) guidelines, should be recommended in all IBD patients in anticipation of pregnancy. Several
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studies have shown that some patients need to be on even higher doses of folic acid than the ECCO
recommended dose [6].

Medication compliance has shown to be an important challenge in the treatment of IBD patients as
the effectiveness of therapy requires long-term management to induce and maintain clinical remission.
Some studies have shown that medication noncompliance in IBD patients is extremely high (up to 60%
of patients) [7]. Compliance rates are particularly low among IBD patients during disease remission.
During this period, patients often forget or deliberately avoid taking medications at the scheduled
time [7,8].

For diseases that require treatment with multiple drugs, such as CD and UC, fixed-dose
combination (FDC) therapy, in which two or more active pharmaceutical ingredients (APIs) are
formulated in a fixed proportional manner into a single dosage form, may offer help in addressing some
of the problems of compliance. Strategies for development of FDCs are complex and primarily based on
fundamental understanding of therapeutic effect of drug combinations, clinical experience, drug-drug
interactions, drug-excipient interactions, pharmacokinetic profiles and formulation challenges [9,10].
Although the number of the marketed FDC products has grown over the years and the trend is likely to
continue, development of these products is quite demanding. The reason for such high complexity lies
in the fact that the majority of FDC products contain two or more APIs with different physico-chemical
and biopharmaceutical properties. To cope with this issue, the rational strategy for development of a
new FDC product includes evaluation of pharmacokinetic profiles of APIs as well as development of a
simultaneous analytical method for determination of APIs in early phases of FDC development [9,11].

A vast majority of IBD patients are effectively treated with thiopurine immunosuppressants
(azathioprine, 6-mercaptopurine and 6-thioguanine) as steroid-sparing therapy in combination with
folic acid to improve the outcomes of medical treatment (Figure 1). Still, due to limited research and
development of FDC in IBD, these products are not yet available at the market.
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Biomimetic chromatography has unfolded new perspectives for the use of chromatographic
techniques in drug development as it provides simple, reliable and inexpensive measurements of drug
affinity to phospholipids and human proteins. The availability of this data in early stages of FDC
development is crucial for rational selection of drug combination, their pharmacokinetic profiling and,
finally, formulation development. So far, to our knowledge, limited data on biomimetic chromatographic
behavior of thiopurine immunosuppressants and folic acid are available in literature [12].
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Simultaneous analytical methods for determination of active ingredients in FDC should be
developed in advance, since these methods are required for finished product quality control
monitoring and dissolution testing. The review of literature reveals that there are many analytical
methods for determination of immunosuppressants and folic acid individually in pharmaceutical
dosage forms. In the last decade, various techniques for determination of azathioprine have
been used, including high performance thin-layer chromatography [13], spectrophotometry [14],
atomic absorption spectrometry [15], flow injection chemiluminometry [16], electrochemistry [17–19]
and high-performance liquid chromatography [20]. Several methods have been reported for
determination of 6-mercaptopurine in pharmaceutical formulations using analytical techniques such
as Raman spectroscopy [21], electrochemistry [22] and high-performance liquid chromatography [23].
In literature, several analytical methods to quantify 6-thioguanine using fluorescence spectroscopy [24],
electrochemistry [25] and high performance liquid chromatography with post column iodine-azide
reaction [26] can be found. Many methods for determination of folic acid have been developed due to its
biological significance. These methods include fluorescence spectroscopy [27]; spectrophotometry [28];
electrochemistry [29–31]; high-performance liquid chromatography coupled with various detectors,
such as diode-array detector (DAD) [32]; tandem mass spectrometry [33] and corona-charged
aerosol [34] detector and ultra-performance liquid chromatography [35]. Determination of these
compounds in combination with other drugs by various techniques has been reported. The most
commonly used technique is electrochemistry [36–39], while less prevalent are high-performance
liquid chromatography [40] and electrophoresis [41]. To the best of our knowledge, no method for
simultaneous determination of all these compounds was proposed.

In light of the foregoing considerations, in this work pharmacokinetic properties of thiopurine
immunosuppressants and folic acid were systematically evaluated using biomimetic chromatography.
In addition, an analytical method for their simultaneous determination in proposed dose ratio
as a prerequisite for development of three FDCs containing folic acid and one of thiopurine
immunosuppressants is proposed.

2. Results and Discussion

2.1. Pharmacokinetic Profiling

2.1.1. RP-TLC and RP-HPLC Assays

In reversed-phase chromatography, retention of analytes is governed by hydrophobicity, and this
parameter was evaluated using both TLC and HPLC techniques. Due to high affinity of investigated
compounds for octadecylsilane chemically bonded to porous silica applied on chromatographic plates,
several analyses with mixtures of phosphate-buffered saline with various concentrations of methanol as
mobile phase were performed. Methanol was chosen as the most suitable organic modifier, since it does
not disturb the hydrogen bonding network of water. Although TLC technique has limited automation
capabilities compared to other chromatographic techniques, its major advantage is the possibility for
simultaneous determination of hydrophobicity of several compounds on the same chromatographic
plate. RM values were obtained according to Equation (1):

RM = log (
1

RF
− 1), (1)

where RF represents the retention factor. Furthermore, chromatographic parameter of hydrophobicity,
RMw, was obtained by extrapolation to pure buffer using the linear Equation (2):

RM = RMw − SΦ, (2)

where S is the slope of the regression line and ϕ is the concentration (expressed as volume fraction) of
methanol. Linear relationships between RM and ϕ values were found for all compounds in the range
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of eluent composition examined (r ≥ 0.98). All RM values are the average of three measurements, with
relative standard deviations (RSDs) lower than 4.5%; the 95% confidence interval associated with each
RMw value never exceeded 0.16 (Table 1).

Table 1. Experimental parameters obtained by chromatographic techniques.

Analyte RMw
1 log kw C18

2 log kw IAM
3 PPBHSA

4 (%) PPBAGP
5 (%)

6-thioguanine 0.21 0.32 0.03 24.11 45.96
6-mercaptopurine 0.23 0.45 −0.19 20.08 22.15

Folic acid 0.57 0.99 −0.26 69.40 3.45
Azathioprine 1.41 1.34 0.68 49.22 75.96

1 RMw—chromatographic parameter of hydrophobicity obtained by RP-TLC; 2 log kw C18—chromatographic
parameter of hydrophobicity obtained by RP-HPLC; 3 log kw IAM—chromatographic parameter of lipophilicity
obtained by IAM-HPLC; 4 PPBHSA—percentage of analyte bound to human serum albumin (HSA) obtained by
HSA-HPLC; 5 PPBAGP—percentage of analyte bound to α1-acid glycoprotein (AGP) obtained by AGP-HPLC.

Further to the results presented above, all investigated compounds were expected to show high
affinity for chromatographic column packing consisting of octadecylsilane-silica particles. The obtained
retention times, tR, were used to calculate log k values according to Equation (3):

log k = log
tR − t0

t0
, (3)

with t0 being the retention time of an unretained solute, sodium nitrate. Furthermore, chromatographic
parameter of hydrophobicity, log kw C18, was obtained by extrapolation to pure buffer using the linear
Equation (4):

log k = log kw − SΦ, (4)

where S is the slope of the regression line and ϕ is the concentration (expressed as volume fraction)
of methanol. Linear relationships between log k and ϕ values were found for all compounds in the
range of eluent composition examined (r ≥ 0.99). Possible occurrence of retention changes due to
column aging was monitored by checking the retention times of test compound (ibuprofen). During
the study, retention time of test compound changed no more than 3.2%, and no correction was done to
the retention times experimentally determined for the analytes. All log k values are the average of
three measurements, with RSD values lower than 4.4%; the 95% confidence interval associated with
each log kw C18 value never exceeded 0.25 (Table 1).

The results indicate that both experimental chromatographic methods yielded similar data.
Positive hydrophobicity parameters were found for all analytes. The highest hydrophobicity was
found for azathioprine (RMw = 1.41; log kw C18 = 1.34), while 6-thioguanine had the lowest affinity
for C18 stationary phase (RMw = 0.21; log kw C18 = 0.32). The corresponding linear correlation
between chromatographic hydrophobicity parameters featured r = 0.93. Although limited data on
hydrophobicity of immunosuppressants are available in literature, it should be pointed out that
comparable data were obtained by various techniques [42–44].

2.1.2. Phospholipid Binding Assay

As already reported in literature, the octadecylsilane stationary phase does not resemble a
biomembrane phospholipid bilayer and consequently does not fully capture the complex and dynamic
nature of human intestinal absorption of drugs [45]. Immobilized artificial membrane (IAM) columns,
on the other hand, have shown satisfying performance regarding this matter [46]. In an attempt to
gain insight into interaction between azathioprine, 6-mercaptopurine, 6-thioguanine, folic acid and cell
membrane, IAM chromatographic column with a monolayer of phosphatidylcholine covalently bound
to a propylamino-silica core was used. IAM column permitted the use of phosphate-buffered saline
without addition of organic modifier, leading to directly measured log kw IAM values and reducing
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the time of analysis considerably. All values of log kw IAM are the average of three measurements,
with RSD values lower than 4.1%. Possible occurrence of retention changes due to column aging
was monitored by checking the retention times of test compound (mesalazine). During the study the
retention time of test compound did not change markedly (RSD = 4.3%), and no correction was done
to the retention time experimentally determined for the analytes.

Generally, investigated compounds have shown lower affinity for IAM than for C18 stationary
phase (Table 1). The obtained values were in the range from −0.26 (folic acid) to 0.68 (azathioprine).
The lack of significant correlation between log kw IAM and log kw C18 values (r = 0.61) as well as
log kw IAM and RMw values (r = 0.85) confirms that partition in phospholipids encodes not only
hydrophobic intermolecular recognition forces but also ionic bonds, due to electrostatic interactions
between electrically charged species and phospholipids. The highest difference between log kw C18

and log kw IAM values (1.25) was found for folic acid, the only compound with two carboxylic groups
on the L-glutamate part of the molecule. A possible explanation for the higher affinity of neutral
forms of azathioprine, 6-mercaptopurine and 6-thioguanine for IAM surface compared to negatively
charged folic acid at pH 7.4 is that repulsive forces between two carboxylic groups and IAM phosphates
have occurred.

2.1.3. Protein Binding Assays

As co-administered drugs may exert a competition for the same binding site on plasma proteins,
and this competition can have potential clinical consequences, it is of essential importance to evaluate
interaction of drugs with plasma proteins in early phases of FDC development. Chromatographic
columns with HSA- and AGP-coated stationary phases have been initially developed for chiral
separation. Several studies have shown that the retention times of compounds on these phases
are proportional to the dynamic distribution constants of the compound between the mobile and
stationary phases. It follows that these two biomimetic columns may be used in drug-plasma protein
binding studies [45,47,48]. To obtain data suitable for comparison with binding data obtained by
other commonly used techniques as well as for inter-laboratory comparison, a standardization and
validation of biomimetic chromatographic methods should be done using a set of compounds for
which the percentage of binding data is available in literature. In this study, the gradient retention
times are standardized using a calibration set of compounds with known percentage of plasma protein
binding data (PPBlit). The known PPBlit values were converted to the affinity constant, log KPPB using
Equation (5):

log KPPB = log
PPBlit

101− PPBlit
. (5)

Acceptable correlations were found between the literature plasma protein binding data and the
experimental binding data expressed as gradient retention times (tG) for the validation set of compounds,
with Equations (6) and (7) describing the dependence of log K values on tG for HSA and AGP columns,
respectively:

log KHSA = 1.455 (±0.246) log tG HSA + 0.172 (±0.120)
n = 10, r = 0.98, sE = 0.159

(6)

log KAGP = 5.004 (±1.384) log tG AGP − 0.964 (±0.350)
n = 10, r = 0.95, sE = 0.278,

(7)

where the values in brackets represent 95% confidence intervals, while sE represents the standard error.
Furthermore, using the slope and intercept values from the calibration line, the logarithmic retention
times were converted to log KPPB values that can be converted to PPBHSA and PPBAGP of investigated
compounds using Equation (8):

PPBexp =
101 × 10log KPPB

1 + 10log KPPB
. (8)
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Validation of the methods was performed by evaluation of retention of warfarin enantiomers.
As retention time on HSA and AGP columns is dependent on the injected amount of compound,
the smallest possible amount of sample was injected so that the compound would not saturate the
specific binding site. Wide peaks with tailing were observed on both protein stationary phases using
concentrations of test compound higher than 10 mg/L. Possible occurrence of retention changes due to
column aging was monitored by checking the retention times of selected test compound. During the
study no retention value changed more than 0.63% (HSA column) and 0.28% (AGP column).

HSA is the major plasma protein with vital functions acting as depot and carrier for many drugs,
and it is also found to be considerably distributed in the interstitial fluid of body tissues. It is well
known that HSA binds neutral and negatively charged compounds more strongly than positively
charged ones. Thus, the highest binding affinity was found for folic acid (69.40%), the only investigated
compound that is, due to fully ionized glutamate carboxyl groups, present in a form of negatively
charged folate at the physiological pH (Table 1). Relatively high affinity for HSA was found for
lipophilic azathioprine (log kw IAM = 0.68, PPBHSA = 49.22%), while 6-mercaptopurine (log kw IAM =

−0.19, PPBHSA = 20.08%) and 6-thioguanine (log kw IAM = 0.03, PPBHSA = 24.11%) bound to HSA to
a lesser extent. The obtained results suggest that lipophilic forces are generally predominant in the
immunosuppressive drugs–HSA binding mechanism.

Compared to HSA, AGP has a lower plasma concentration in humans. Still, the concentration
of AGP in plasma can significantly increase in various conditions, such as inflammatory diseases.
All immunosuppressants have shown greater extent of binding to AGP than folic acid (at least 18.7%
higher) (Table 1). Given that basic drugs have been shown to bind preferentially to AGP, a better
understanding of interaction between this protein and immunosuppressants is valuable. As in the case
of HSA-binding mechanism, lipophilic azathioprine showed the highest percentage of AGP binding
(log kw IAM = 0.68, PPBAGP = 75.96%), followed by 6-thioguanine (log kw IAM = 0.03, PPBAGP = 45.96%)
and 6-mercaptopurine (log kw IAM = −0.19, PPBAGP = 22.15%). The noticeable difference in AGP
binding between structurally similar 6-thioguanine and 6-mercaptopurine is likely due to the presence
of the basic amino group at position C2 of 6-thioguanine.

2.1.4. Comparison of Biomimetic Chromatographic and Computational Data

In silico based pharmacokinetic modeling approaches have been widely used in drug development
processes to provide a fast, low-cost and preliminary screening of compounds prior to in vitro
testing [45,49,50]. To perform a comprehensive evaluation of in silico potential in drug development, a
number of compounds should be investigated. Still, due to limited number of immunosuppressants
used in treatment of IBD available at market, as well as therapeutically reasonable candidates for FDC,
a limited number of compounds was included in this study. The collected biomimetic chromatographic
data were compared to selected physico-chemical and pharmacokinetic properties obtained by 15
established computational medicinal chemistry methods. Observed parameters included partition
coefficient, human intestinal absorption, human colorectal carcinoma cells (Caco-2) permeability and
plasma protein binding. The list of theoretical approaches and calculated parameters is given in Table 2.

In every respect, noticeable discrepancies among theoretical partition coefficients were observed.
Intercorrelation between the data gave correlation coefficients in the range from 0.01 to 0.99. Average
calculated log P values were in the range from −0.84 to 1.22. It is obvious that some of calculation
procedures overestimate log P values of investigated compounds, while others underestimate them.
Still, it can be found that MlogP values correlate well with both hydrophobic chromatographic
parameters featuring r = 0.93 with RMw and r = 0.99 with log kw C18. As mentioned above, the
interaction of investigated compounds with membrane phospholipids is complex and governed not
only by hydrophobicity but also electrostatic interactions, especially in the case of negatively charged
folic acid. Therefore, it is worth pointing out that the linear correlation between log kw IAM and log
P values calculated by programs Mcule and Chemicalize is noteworthy featuring r ≥ 0.94, while
correlations with other predicted log P values were lower (0.01 ≤ r ≤ 0.85).
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Table 2. List of calculated physico-chemical and pharmacokinetic parameters.

Parameter Program 6-thioguanine 6-mercaptopurine Folic Acid Azathioprine

partition coefficient

ACDLabs −0.12 −0.18 −2.48 0.67
ADMETLab 0.60 1.02 −0.05 1.15

ALOGPS −0.36 −0.13 −0.04 0.84
ChemExper −0.02 0.43 −1.43 0.42
Chemicalize −0.35 −0.12 −0.69 1.17

Mcule 1.18 1.02 1.00 1.67
MlogP −1.31 −1.16 −0.62 −0.26

Molinspiration −0.58 −0.39 −2.37 0.50
Molsoft −0.36 0.23 −0.95 0.10
pkCSM 0.60 1.02 −0.04 1.15

PreADMET −0.35 −0.47 0.65 0.67
Silicos-it 2.05 2.78 0.24 −1.11

SwissADME 0.28 0.62 −0.42 0.04
XlogP −0.07 0.70 −1.08 0.10

human intestinal
absorption (%)

ADMETLab 76.7 81.3 39.8 78.2
pkCSM 91.0 91.0 2.3 78.6

PreADMET 83.1 87.8 23.2 75.5

Caco-2
permeability

[log(cm × 10−6/s)]

ADMETLab 0.82 1.53 −0.33 1.41
admetSAR 0.49 0.62 −1.07 0.11

pkCSM 0.17 1.14 −0.98 0.62
PreADMET 0.29 0.28 0.31 −1.38

plasma protein
binding (%)

ADMETLab 27.0 24.2 67.9 35.8
pkCSM 32.2 28.1 63.9 60.4

The obtained results might indicate that theoretical approaches of the two above-
mentioned programs are powerful enough to predict affinity of investigated compounds for
immobilized phosphatidylcholine.

Finally, it is relevant to evaluate whether IAM, HSA and AGP biomimetic chromatographic
columns might be comparable with in silico pharmacokinetic profiling of selected drugs. As uptake of
folic acid is mediated by transport proteins, it was excluded from evaluation of passive absorption by
IAM chromatography. Evaluation of all indices describing drug absorption indicates that the majority
of the programs predict somewhat higher absorption rates for 6-mercaptopurine and 6-thioguanine
compared to more lipophilic azathioprine. This might be related to their smaller size and thus easier
penetration through the cell membrane. It might be concluded that passive absorption of the drug
through the gastrointestinal barrier is a very heterogeneous process that cannot be accounted for via
simple affinity for immobilized phosphatidylcholine, but other properties, such as the size of the
molecule, should also be considered.

The trend of increasing affinity for immobilized human serum albumin column in order
6-mercaptopurine < 6-thioguanine < azathioprine < folic acid was in accordance with both parameters
describing plasma protein binding calculated by ADMETLab and pkCSM programs. Moreover,
it should be emphasized that the linear correlation between PPBHSA values and computationally
predicted values featured r values higher than 0.94. On the other hand, experimental AGP binding
data did not relate well to any of predicted parameters (r ≤ 0.52).

It should be pointed out that none of calculation procedures clearly state which plasma protein is
involved in distribution of investigated compounds, which leaves room for considerable improvement
of theoretical approaches.
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2.2. Analysis of Pharmaceutical Dosage Forms

2.2.1. Method Development

Due to different physico-chemical properties of immunosuppressants and folic acid, as well as
high dose differential between APIs combined in three proposed FDCs (5 mg of folic acid combined
with 40 mg of 6-thioguanine or 50 mg of azathioprine or 50 mg of 6-mercaptopurine per dosage form),
developing a unique sample preparation procedure and simultaneous chromatographic method for
their determination in FDC was quite a challenging task. Optimization of the experimental conditions
was split into two major areas. First, simultaneous chromatographic method for determination of
active ingredients in FDC was optimized. Afterwards the proposed method was used for optimization
of sample preparation procedure.

In the light of available individual methods for the determination of azathioprine,
6-mercaptopurine, 6-thioguanine and folic acid, different chromatographic parameters were tested
to establish the most suitable chromatographic conditions for their simultaneous determination in
FDCs [20,23,32]. Parameters such as composition of stationary and mobile phases as well as temperature
of analysis were systematically studied so as to achieve good resolution of adjacent peaks, symmetric
peaks, high column performance and acceptable runtime. Afterwards, extraction solvent and time
were optimized to attain high extraction efficiency.

A type of chosen chromatographic column had a significant influence on separation of compounds.
Due to considerable differences in polarity of analytes, a compromise between hydrophilic and lipophilic
character of sorbents had to be found [20,23,32,33]. Therefore, three kinds of chromatographic columns
were investigated: XBridge C18 (150 × 4.6 mm, particle size 5 μm) by Waters (Milford, MA, USA),
XBridge Phenyl (150 × 4.6 mm, particle size 5 μm) by Waters (Milford, MA, USA) and Zorbax SB
C8 (150 × 4.6 mm, particle size 5 μm) by Agilent Technologies (Santa Clara, CA, USA). The baseline
separation of critical pair of analytes, 6-thioguanine and 6-mercaptopurine, was achieved only using
Zorbax SB C8 column, which was shown to be the most suitable for the separation of analytes in a
single run and this column was used for all further experiments.

The composition of mobile phase appeared to be another critical factor in achieving the appropriate
chromatographic behavior and satisfying separation of analytes. The selection of acetonitrile as organic
modifier, as opposed to methanol, was based primarily on lower viscosity and, accordingly, lower
operating pressure. It was found that pH of mobile phase had a profound effect on the ionization of
analytes and the resultant chromatographic behavior, especially in the case of folic acid. The pKa’s
of two carboxylic groups on the L-glutamate part of folic acid are 3.5 and 4.8, respectively [33,40].
Therefore, under reversed phase conditions an acidified mobile phase was required to improve retention
of folic acid. To optimize retention as well as peak shape of folic acid, discrete levels (0.05% to 0.2%) of
a volatile organic acid (acetic and formic acid) were added to the mobile phase. Peak tailing was noted
with both investigated organic acids’ concentrations of less than 0.1% (peak asymmetry factor was
greater than 1.2). Addition of both organic acids to mobile phase at levels 0.1% and 0.2% was found
to give symmetric peaks, higher column performance and good resolution among all four analytes.
Mobile phase with 0.1% of formic acid was selected for further investigations by considering the
working life of the column. Initially, isocratic mode of separation was tested and was found insufficient
to resolve all four analytes with good peak shape characteristics. Complete separation was achieved
by conversion of the isocratic elution to a gradient mode. Moreover, the optimized gradient program
dramatically facilitated achievement of shorter runtime (all analytes were eluted within 7 min).

As the column temperature may affect the efficiency of chromatographic separation, the impact
of three different temperatures (20, 25 and 30 ◦C) using the retention and resolution factors as the
basic criteria was evaluated. Inadequate peak symmetry (less than 0.7) was observed at 20 ◦C.
The separation was markedly faster at higher temperatures, but seeing that 6-thioguanine eluted
considerably earlier, resolution between 6-thioguanine and the adjacent peaks of excipients became
critical. Thus, the temperature of 25 ◦C was selected as the optimal temperature. Different compounds
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(6-methylthioguanine, methotrexate and caffeine) were assessed to be used as an internal standard.
Among these compounds, 6-methylthioguanine showed good resolution and instrumental response
with all APIs included in three proposed FDCs and was therefore selected as the internal standard.
A chromatogram of mix standard solution separated by optimized chromatographic method is shown
in Figure 2A.Molecules 2019, 24, 3469 10 of 18 
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Figure 2. Chromatograms of: (a) mixed standard solution of 6-thioguanine (1), 6-mercaptopurine
(2), internal standard (3), folic acid (4) and azathioprine (5); (b) 0.02 M NaOH solution containing
commonly used excipients; (c) proposed fixed-dose combination (FDC) containing 6-mercaptopurine
(50 mg/L) (2) and folic acid (5 mg/L) (4) with the addition of internal standard (3).

Differences in chemical properties of the studied compounds hindered the simultaneous extraction
of all four compounds using one set of extraction conditions. Protocols utilizing aqueous or
organic solvent extraction solutions (acidic, alkaline or neutral pH) combined with at ambient
and elevated temperatures shaking and sonication procedures have all been reported [51]. Therefore,
one-variable-at-a-time method was applied to find a ubiquitous method suitable for all investigated
analytes. Preliminary investigations have shown that methanol improved extraction of 6-thioguanine,
6-mercaptopurine and azathioprine (it was found to be more than 5.7% effective in methanol than in
ultrapure water), while folic acid was found slightly soluble in organic solvents (extraction efficiency
in methanol was only 4.6%) as well as in water (extraction efficiency was 22.4%), but soluble in basic
aqueous solutions. Therefore, a basic solution with NaOH was selected for further investigation.
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Evaluation of optimal concentrations of NaOH (0.02 M, 0.05 M and 0.1 M) showed that extraction of
all analytes has been improved in 0.02 M NaOH, while degradation of azathioprine was observed at
higher levels of NaOH. Further, the investigation of ultrasonication time (up to 120 min) indicated
that higher extraction rates (more than 96.1%) and better precisions (RSD lower than 3.3%) for all
compounds were achieved when the time was 15 min or longer. Folic acid in solution is known to
decompose when exposed to ultraviolet light and/or increased temperature; thus, all experiments were
performed at ambient temperature using amber laboratory glassware [52].

2.2.2. Validation of the Method

The newly developed method was validated according to the ICH guidelines with respect to
selectivity, linearity, sensitivity, precision, accuracy, stability and robustness [53]. All validation
parameters were evaluated using placebo solution spiked with standard solutions.

As an integral part of the analytical method, system suitability test was used to verify adequacy
of the resolution and reproducibility of the chromatographic system. It was established by analysis of
seven replicate injections of mixed standard (100% level of concentration in proposed FDCs) solution
and parameters such as retention time, relative retention time, resolution, capacity factor, number of
theoretical plates, tailing factor and peak area of the analytes were calculated. The results of system
suitability are shown in Table 3.

Table 3. System suitability data.

Analyte
Parameter (Mean Value ± Standard Deviation), n = 7

tR
1 RtR

2 Rs 3 K 4 N 5 TF 6 A 7

6-thioguanine 3.29 ± 0.01 0.635 ± 0.001 / 1.06 ± 0.01 8716 ± 198 1.38 ± 0.02 2871.6 ± 27.8
6-mercaptopurine 3.96 ± 0.01 0.761 ± 0.001 5.69 ± 0.05 1.48 ± 0.01 28462 ± 330 1.35 ± 0.02 3522.4 ± 35.5

6-methylthioguanine 5.20 ± 0.01 / 13.57 ± 0.31 2.25 ± 0.01 53336 ± 1169 1.34 ± 0.01 388.2 ± 2.8
Folic acid 5.49 ± 0.01 1.055 ± 0.001 3.37 ± 0.03 2.43 ± 0.01 75297 ± 1956 1.28 ± 0.01 141.8 ± 1.7

Azathioprine 6.63 ± 0.02 1.275 ± 0.001 14.22 ± 0.07 3.14 ± 0.01 110071 ± 2807 1.34 ± 0.02 1578.5 ± 16.8
1 tR—retention time; 2 RtR—relative retention time; 3 Rs—resolution; 4 k—capacity factor; 5 N—theoretical plates; 6

TF—USP tailing factor; 7 A—peak area; /—not applicable.

The selectivity of the developed method was evaluated by injecting a mixture of standard solutions
and was assessed by peak purity test (comparison between analyte peak and auto threshold in the purity
plot). The peaks of analyte of interest were not found to be attributed to more than one component,
indicating the method to be selective (peak purity factors were higher than 999.8). Afterwards, a 0.02 M
solution containing excipients chosen as the ones used commonly in tablet formulations was analyzed.
The majority of the excipients were eluted from the column within the first 2.5 min, which indicates that
the excipients were not interfering with the assay (Figure 2B). Finally, mix standard solution containing
excipients chosen as the ones used commonly in tablet formulations was analyzed. The obtained peak
purity factors were also higher than 999.8.

The linearity of the method was evaluated by analyzing at least six freshly prepared solutions,
in the concentration range between 0.2 and 20 mg/L for folic acid, 5 and 80 mg/L for 6-thioguanine
and 5 and 100 mg/L for azathioprine and 6-mercaptopurine (Table 4). Calibration curves showed
linear responses for all analytes over dynamic ranges, and the corresponding regression correlation
coefficients (r) were all above 0.999. Due to a high dose differential between APIs combined in proposed
FDCs, limits of detection (LOD) and quantitation (LOQ) of the method were one of the most important
validation parameters. LOD and LOQ, based on 3 and 10 times the signal-to-noise ratio, respectively,
were determined by repeated injections of diluted standard solutions. According to data presented in
Table 4, satisfying linearity range as well as sensitivity was obtained for all four analytes.
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Table 4. Method calibration data.

Analyte Linearity Range (mg/L) Equation r 1 sE
2 LOD (mg/L) LOQ (mg/L)

6-thioguanine 5–80 y = 0.251 x − 0.132 0.9996 0.124 0.1 0.2
6-mercaptopurine 5–100 y = 0.230 x − 0.034 0.9997 0.140 0.1 0.2

Folic acid 0.2–20 y = 0.081 x − 0.007 0.9999 0.013 0.1 0.2
Azathioprine 5–100 y = 0.102 x + 0.016 0.9998 0.048 0.1 0.2

1 r—Pearson correlation coefficient; 2 sE—standard error.

Precision studies were done by evaluation of repeatability and intermediate precision. Intra-day
studies were done by injecting the solutions at one concentration level (100% level of concentration in
proposed FDCs) six different times on the same day. Inter-day studies were done in triplicate every
day up to three consecutive days. Low values of RSD (%) showed that the method is precise within the
acceptance limit of ±2%. The intra- and inter-day variability or precision data are given in Table 5.
The results indicate good precision of the developed method.

Table 5. Intra- and inter-day assay precision and accuracy data.

Analyte

Precision
Relative Standard Deviation (RSD) (%)

Accuracy
Recovery ± RSD (%)

Intra-Day
Precision (n = 6)

Inter-Day
Precision (n = 9)

Low Medium High

6-thioguanine 0.73 0.75 99.49 ± 0.80 100.42 ± 1.66 98.79 ± 0.68
6-mercaptopurine 0.81 0.79 100.35 ± 1.74 100.79 ± 0.69 99.01 ± 0.76

Folic acid 1.04 1.11 99.78 ± 0.81 97.57 ± 0.37 100.25 ± 0.87
Azathioprine 0.40 0.64 100.38 ± 0.86 100.38 ± 1.19 99.55 ± 0.58

The proposed method was evaluated for its accuracy by the analysis of the placebo solutions
spiked with three different standard concentration levels (80%, 100% and 120% level of concentration in
proposed FDCs). As it can be seen in Table 5, the calculated accuracy was always within the acceptance
limit of ±3% of the nominal concentration.

The stability of APIs’ sample solutions was evaluated by keeping them in tightly closed amber
vials on the laboratory worktable at room temperature for 2 h and in a rack on the autosampler at
4 ◦C for 24 h. Furthermore, long-term stability was evaluated in the freezer at −20 ◦C for 30 days.
The recoveries were in the range from 96.4% to 103.3%, which indicates that investigated compounds
were stable in described experimental conditions within the given periods.

The impact of different chromatographic parameters on the peak areas and peak shapes of all
APIs was examined by small deliberate changes in the mobile phase composition (±1%) and flow
rate (±10%) as well as temperature (± 1 ◦C) to establish the robustness of the proposed method. In all
deliberately varied conditions, the RSD of peak areas of all APIs were found to be well within the
acceptable limit of 5%. The tailing factor for all peaks was found to be lower than 1.5.

2.2.3. Application of the Method

The developed method was successfully applied for analysis of azathioprine, 6-mercaptopurine,
6-thioguanine and folic acid in marketed tablet formulation. Firstly, 20 tablets of each pharmaceutical
product were weighed individually; the RSDs of the tablet weights were lower than 3.0%, indicating
satisfying weight uniformity. Upon analysis of the samples, no interferences of excipients were
observed as peak purity factors were higher than 999.7. The amounts recovered were expressed as
a percentage of the label claim, and obtained results were in the range between 96.1% and 104.4%
(Table 6). Contents of all of the analyzed samples conform to the United States Pharmacopoeia [54]
and British Pharmacopoeia regulations [55].
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Table 6. Results of analyses of marketed formulations (n = 3).

Commercial
Formulation

Manufacturer
Active

Substance
Amount

Labeled (mg)
Amount

Found (mg)
Detected/

Labeled (%)
RSD (%)

Thiosix®
Teva Nederland

B.V, Haarlem,
the Netherlands

6-thioguanine 10 10.44 104.42 2.90

Puri-Nethol®
Aspen, Dublin,

Ireland 6-mercaptopurine 50 48.07 96.13 2.89

Folacin®
JGL, Rijeka,

Croatia folic acid 5 4.99 99.95 3.31

Imuran®
Aspen, Dublin,

Ireland azathioprine 50 51.63 103.26 2.24

Afterwards, the method was successfully applied to analysis of all three proposed FDCs.
A representative chromatogram for analysis of proposed FDC containing 6-mercaptopurine and
folic acid is shown in Figure 2C.

3. Materials and Methods

3.1. Reagents and Chemicals

Standards, certified reference material, for calibration and validation of biomimetic columns were:
Acetylsalicylic acid, caffeine, cefalexin, chloramphenicol, cimetidine, codeine hydrochloride dihydrate,
furosemide, ibuprofen, mesalazine, metronidazole, nifedipine, paracetamol, propranolol hydrochloride,
salicylic acid, sulfadiazine, sulfamethoxazole, thiamine hydrochloride and warfarin purchased from
Sigma-Aldrich (St. Louis, MO, USA). Azathioprine; folic acid; 6-mercaptopurine and 6-thioguanine,
United States Pharmacopeia reference standard and 6-methylthioguanine (≥95%) have also been
obtained from Sigma-Aldrich. Acetonitrile, ethanol, iso-propanol, methanol, formic acid, all HPLC
grade; sodium hydroxide; ACS reagent (97.0%) pellets; sodium nitrate (≥99.0); phosphate-buffered
saline tablets (0.01 M, 0.0027 M potassium chloride and 0.137 M sodium chloride, pH 7.4 at 25 ◦C);
potassium phosphate monobasic and potassium phosphate dibasic (HPLC grade) were provided by
Sigma-Aldrich. Ultra-pure water was obtained using a MilliQ UF-Plus system (Millipore, Darmstadt,
Germany); resistivity MΩcm−1 >18 at 25 ◦C and TOC <5 ppb. The excipients included hydroxypropyl
methylcellulose Methocel K100M Premium CR (Colorcon, Harleysville, PA, USA), magnesium stearate
(Acros Organics, Princeton, NJ, USA), lactose monohydrate, stearic acid, wheat, rice and corn starch
(Kemig, Zagreb, Croatia).

3.2. Equipment

All assays were performed on an Agilent 1100 series HPLC system (Agilent Technologies,
Waldbronn, Germany) consisting of a quaternary pump, autosampler, vacuum degasser, column
compartment and DAD. Data acquisition and processing were carried out using ChemStation for LC
3D software (version rev A.10.02[1757]).

Evaluation of TLC plates was done using Camag UV Cabinet 4 consisting of a UV Lamp 4
(dual wavelength 254/366 nm) and a Viewing Box 4 (Camag, Muttenz, Switzerland), while Elmasonic
Ultrasonic BathModel XtraTT with heat and time controller (Elma Schmidbauer, Singen, Germany) was
employed for all ultrasonic extractions. In sample preparation step centrifuge model Z 326 K by Hermle
(Wehingen, Germany) with digital time, temperature and speed control were also used. Weighing
measurements were performed using MX5 Microbalance (Mettler-Toledo, Greifensee, Switzerland)
with 1 μg readability.

3.3. Preparation of Stock and Working Solutions

Solutions containing 100 mg/L of standards used for calibration and validation of biomimetic
columns were dissolved in methanol. For the simultaneous determination method, stock solutions
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containing 200 mg/L of azathioprine, 6-mercaptopurine and 6-thioguanine were prepared by dissolving
accurately weighed amounts of reference standards in diluent 1 (containing methanol and 0.1 M NaOH,
95:5, v/v), while stock solution containing 200 mg/L of folic acid was prepared by dissolving accurately
weighed amount of reference standard in diluent 2 (containing methanol, ultrapure water and 0.1 M
NaOH, 70:29:1, v/v/v). Working solutions of lower concentrations were freshly prepared by dilution
with water. Internal standard, 6-methylthioguanine (200 mg/L in diluent 1) was added to each working
solution to make its concentration 10 mg/L in each sample. For the validation study, placebo solution
in 0.02 M NaOH containing mixture of the most commonly used excipients was used. The drug to
excipient ratio used was similar to that in commercial formulations. All solutions were stored at 4 ◦C
in amber glassware. Prior to use, all solutions were filtered through 0.2 μm polyethersulfone filters
(Obrnuta faza, Pazin, Croatia).

3.4. RP-TLC Assay

TLC experiments were performed on commercially available 10 × 10 cm RP-18 TLC plates (Merck,
Darmstadt, Germany). Methanol-phosphate-buffered saline mixtures were used as mobile phases.
The methanol volume fraction was varied from 20% to 80% in 5% steps. A sufficient amount of mobile
phase was placed in a Camag flat-bottom chamber for 10 × 10 cm plates with a stainless-steel lid to
have a level of 5 mm. After saturation of chambers with solvent vapor for 30 min, the plates were
developed to a distance of 9 cm at room temperature, dried in open air for 5 min and visualized under
λ = 254 nm UV light.

3.5. RP-HPLC Assay

Hydrophobicity of the compounds was also studied on a reversed-phase Symmetry C18
column (150 × 4.6 mm, 3.5 μm particle size) obtained by Waters (Milford, MA, USA). Methanol-
phosphate-buffered saline mixtures were used as mobile phases. The methanol volume fraction was
varied from 10% to 50% in 5% steps. Each mobile phase was shaken vigorously, filtrated through
cellulose nitrate filter (0.45 μm, Sartorius, Goettingen, Germany) and degassed by sonication (5 min)
before use. Injection volume was set at 10 μL, and the measurements were carried out at 25.0 ± 0.1 ◦C
and at flow rate 1.0 mL/min. The absorbance of the analytes during a chromatographic run was
collected in the spectral range 200–400 nm, and the detection wavelength for each analyte was the one
providing the maximum peak height.

3.6. Phospholipid Binding Assay

The binding of compounds to the immobilized artificial membrane (IAM) was measured using
commercially available immobilized phosphatidylcholine columns (IAM.PC.DD2, 100 x 4.6 mm, 300 Å
particle size) obtained by Regis Technologies (Morton Grove, IL, USA). The mobile phase consisted of
phosphate-buffered saline that was filtrated through cellulose nitrate filter and degassed (5 min) by
sonication before use. Injection volume was set at 10 μL and the measurements were carried out at
25.0 ± 0.1 ◦C and at flow rate 1.0 mL/min. The absorbance of the analytes during a chromatographic
run was collected in the spectral range 200–400 nm and the detection wavelength for each analyte was
the one providing the maximum peak height.

3.7. Protein Binding Assays

The interactions of analytes with plasma proteins human serum albumin (HSA) and α1-acid
glycoprotein (AGP) have been measured using commercially available chemically bonded HSA
(Chiralpak-HSA, 50 × 4.6 mm, 5 μm particle size) and AGP (Chiralpak-AGP, 50 × 4.6 mm, 5 μm
particle size) columns obtained by ChromTech (Cedex, France). The mobile phase consisted of 20 mM
potassium phosphate buffer with the pH adjusted to 7.0 (A) and iso-propanol (B). The gradient program
was as follows: 0–3 min, linear gradient 0–30% B, 3–10 min, isocratic 30% B. The total run time was
15 min to allow re-equilibration of the protein phase with the buffer. Injection volume was set at 10 μL,
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and the measurements were carried out at 25.0 ± 0.1 ◦C and at flow rate 1.5 mL/min. The absorbance
of the analytes during a chromatographic run was collected at the following wavelengths: 250, 280,
300, 320 and 340 nm.

3.8. Analysis of Pharmaceutical Dosage Forms

3.8.1. Sample Preparation

Twenty randomly chosen tablets were weighed, and the average weight of the tablet was
determined. All tablets were crushed and powdered. For the analysis of the individual samples,
an amount of powdered tablets equivalent to 0.2 mg of folic acid, 1.6 mg of 6-thioguanine, 2 mg of
azathioprine or 2 mg of 6-mercaptopurine was weighed. Regarding analysis of three proposed FDCs,
an adequate amount of prepared powders, equivalent to the proposed therapeutic dose ratio of each
FDC (0.2 mg of folic acid combined with 1.6 mg of 6-thioguanine or 2 mg of azathioprine or 2 mg of
6-mercaptopurine) was weighed and mixed. For both of the procedures, the powders were transferred
into 10 mL amber volumetric flasks and dispersed in 0.02 M NaOH with addition of internal standard
solution. It was then followed by sonication for 15 min to provide complete dissolution. The final
volume was adjusted with ultrapure water and the mixture was centrifuged at 6000 rpm for 10 min to
separate the supernatant from non-dissolved excipients. Afterwards, the clear supernatant liquor was
filtrated through a 0.2 μm polyethersulfone injection filter, appropriately diluted and transferred into
an amber HPLC vial.

3.8.2. Sample Analysis

Chromatographic separation was achieved using a Zorbax SB C8 column (150 × 4.6 mm, 5 μm
particle size) obtained by Agilent Technologies. A Zorbax SB C8 guard column (10 × 4.6 mm, 5 μm
particle size) was also utilized. The mobile phase consisted of water (eluent A) and acetonitrile (eluent
B), both acidified with 0.1% (v/v) formic acid. Each component of the mobile phase was filtrated through
a cellulose nitrate filter and degassed before use in an ultrasonic bath for 5 min. The elution was a
two-step gradient program with flow of 1.0 mL/min throughout the method: 0–3 min, linear gradient
5–20% B, 3–10 min linear gradient 20–70% B. Total run time was 15 min to allow re-equilibration of
the stationary phase for the following analysis. Injection volume was set at 10 μL and a mixture of
acetonitrile and ultrapure water (80:20, v/v) was used as needle wash solvent. The measurements were
carried out at 25.0 ± 0.1 ◦C. The absorbance of the analytes during a chromatographic run was collected
in the spectral range 200–400 nm and the detection wavelength for each analyte was the one providing
the maximum peak height.

4. Conclusions

In this work, new FDCs of thiopurine immunosuppressants and folic acid are proposed. Two key
prerequisites in new FDC development, pharmacokinetic profiling and simultaneous determination of
APIs, have been conducted.

Evaluation of pharmacokinetic profiles of azathioprine, 6-mercaptopurine, 6-thioguanine and
folic acid was performed using different chromatographic techniques and in silico approach.

The simultaneous determination method is capable of resolving and quantifying four analytes
in a relatively short run time, with a simple and time-efficient sample preparation. Moreover,
most commonly used excipients do not interfere with the determination of the analytes, demonstrating
the selectivity of the method. The number of APIs found was in agreement with the label claim of
commercially available formulations, proving the method to be reliable. The method shows potential
to be used in testing of content uniformity and dissolution profiling in the formulation process.

However, proposed FDCs need to be evaluated further in terms of stability of multi-drug
combination versus single API dosage forms by means of stress studies and stability-indicating
methods, which will be our further goals.
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Abstract: A zone-fluidics (ZF) based automated fluorimetric sensor for the determination of
pharmaceutically active adamantine derivatives, i.e., amantadine (AMA), memantine (MEM) and
rimantadine (RIM) is reported. Discrete zones of the analytes and reagents (o-phthalaldehyde
and N-acetylcysteine) mix and react under stopped-flow conditions to yield fluorescent iso-indole
derivatives (λex/ λem = 340/455 nm). The proposed ZF sensor was developed and validated to
prove suitable for quality control tests (assay and content uniformity) of commercially available
formulations purchased from the Greek market (EU licensed) and from non-EU web-pharmacies at a
sampling rate of 16 h−1. Interestingly, a formulation obtained through the internet and produced in
a third—non-EU—country (AMA capsules, 100 mg per cap), was found to be out of specifications
(mean assay of 85.3%); a validated HPLC method was also applied for confirmatory purposes.

Keywords: memantine; rimantadine; amantadine; zone fluidics; o-phthalaldehyde; derivatization;
stopped-flow; quality control

1. Introduction

Adamantane analogues namely amantadine (AMA) and rimantadine (RIM) have been extensively
used for the treatment of influenza A virus infection for more than three decades [1,2]. The mechanism
of their action is based on the inhibition of influenza A virus reproduction by hindering the M2 protein
ion channel and thus preventing the release of viral RNA into the cytoplasm of infected cells [3,4].
On the other hand, another structurally analogous compound, memantine (MEM), is a noncompetitive
N-methyl-D-aspartate receptor antagonist is widely used for the treatment of Alzheimer’s and
Parkinson’s diseases, dementia syndromes and also more recently for the possible treatment of
glaucoma [5,6].

Quality control is an important step during and after the production process of pharmaceutical
formulations to ensure the safety and therapeutic efficacy of the final products. Additionally,
due to the evolution of WEB drug suppliers and the existence of fake products in the market,
the QC of commercially available pharmaceuticals is even more critical. On this basis, automation
of the analytical process offers significant advantages in terms of rapidity and effectiveness [7].
The concept of Zone Fluidics (ZF) [8] combines some interesting features that are more than welcome
in pharmaceutical analysis: (i) automation of chemical reactions through zones, (ii) single line
configurations, (iii) generation of waste at the level of microliters, (iv) no need for reconfiguration in
order to apply different methods, (v) robustness and unattended long term operation, etc.
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A literature search (Scopus) revealed only a few automated flow methods reporting the
determination of adamantine derivatives [9–13]. Most of them are based on potentiometric detection
through suitable electrodes [9–11]. Although such approaches are interesting from an academic
point of view, when it comes to real world QC industrial applications, the main disadvantage is the
non-commercial availability of the electrodes. Other unattractive features include the fouling of the
electrode surface in real sample analysis, the necessity for periodic activation/conditioning of the
electrode [9], logarithmic regression equations, while only in the memantine potentiometric method
proposed by Nashar et al., the authors presented validation results according to the international
guidelines (i.e., robustness, ruggedness, etc.) [11]. On the other hand, in the chemiluminescence-based
method reported by Alarfaj and El-Tohamy, the authors selected only the pH to validate the robustness
of the SI procedure when, from the schematic effects of the other parameters, it is obvious that small
variations in the flow rate, the aspiration volumes or the concentration of the reagents cause dramatic
variations in the CL responses [12]. Finally, a more recent fluorimetric method proposed for the
determination of amantadine is based on a competitive assay between the drug and the dye Thionine for
the Cucurbit [8], uril cavity [13]. Although the authors claim adequate analytical features for application
in both pharmaceuticals and urine samples, no proper validation experiments were presented to support
the effectiveness of the procedure for QC purposes (i.e., robustness, determination range, residuals, etc.).

From an analytical chemistry point of view, the bottleneck for the development of simple methods
for the direct quantitation of this class of compounds is the lack of chromophore or fluorophore
moieties in their chemical structure. Derivatization through the primary amino group is therefore
a viable solution in order to enhance their detectability. Among the various reagents that exist for
the derivatization of primary amines [14], in this study, we selected o-phthalaldehyde (OPA) for the
following reasons: (i) it reacts fast and under mild conditions, (ii) it is commercially available at
low/reasonable cost, (iii) it is stable and simple to handle, (iv) it typically offers adequately sensitivity
for most applications; on the other hand—compared to other reagents—OPA derivatives are less stable,
but this is not a disadvantage when the reactions and detection are carried out on-line in a strictly
reproducible analytical cycle [15].

The goals of the present study where, therefore, the following: (i) to examine the reaction of OPA
with the three pharmaceutically active adamantine derivatives under flow conditions; (ii) to combine
the advantages of OPA and the ZF automated technique; (iii) to develop and validate a simple and
efficient platform for the analysis of pharmaceuticals from various sources in order to prove their safety
and therapeutic efficacy.

2. Results and Discussion

2.1. Reactivity of MEM, AMA, RIM with o-Phthalaldehyde

Preliminary experiments confirmed that the analytes can react with OPA through their primary
amino group under flow conditions, in the presence of a suitable nucleophilic agent (NAC) (Figure S2 in
the supplementary material). However, it was interesting to notice that despite the structure similarities
of the analytes, RIM showed a considerably higher reactivity in both terms of reaction speed and
sensitivity, due to the fact that the primary amino group is attached to a ternary carbon atom. The order
of reactivity (RIM >> AMA �MEM) is in accordance with previous reports on the behavior of primary
aliphatic amines and is affected mainly by steric hindrance and polar phenomena [16,17].

In order to improve the sensitivity of the analytical procedure, preliminary experiments were also
focused on a stopped-flow step prior to FL detection. The advantage of the stopped-flow technique
is the minimization of the radial dispersion effect that results in broad peaks and competes to the
sensitivity gain due to the increased reaction time. Stopped-flow can be either applied in the flow cell
or in a suitable coil before detection. The former approach is advantageous on the basis of monitoring
the reaction in real time. However, our experiments proved that the OPA derivatives were not stable
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under the flow-cell conditions (e.g., light and temperature) [18]. For this reason, the stopped-flow step
was carried out in a reaction coil (RC, 60 cm/0.5 mm i.d.) prior to entering the detector.

2.2. Development of the ZF Sensor

The development of the ZF sensor involved experimental studies of the various chemical and
instrumental parameters that are expected to affect the performance of the procedure. The investigated
parameters, the studied range and the finally selected values are tabulated in Table 1. The selection
criteria were a compromise among sensitivity, sampling rate and reagent consumption. The starting
values of the variables during experiments were: c(OPA) = 1.0 mmol L−1, c(NAC) = 1.0 mmol L−1

in pH = 10.0 (0.1 mol L−1 carbonate buffer), γ(ATD) = γ(MEM) = 100 mg L−1, γ(RIM) = 10 mg L−1,
QV(C) = 0.6 mL min−1, V(AMA) = V(MEM) = V(RIM) = V(OPA) = V(NAC) = 50 μL. The order of
zones mixing had no practical effect on the analysis, and the sequence described in Section 2.3 was
adopted (NAC/Buffer–OPA–Sample).

The effect of the stopped flow time was examined in the range of 0–180 s. The signals increased
non-linearly in the studied range, with the sensitivity increasing 2-fold in the first 60 s for all analytes.
The latter value was selected making a compromise between sensitivity and sampling rate.

The pH proved to be a critical variable for all compounds. Its effect was evaluated in the range of
9.0–12.0, using 100 mmol L−1 carbonate buffer. As can be seen in the experimental results in Figure 1,
a clear maximum at a pH value of 10 was observed for all analytes. The type of buffer proved to have
no effect (carbonate vs borate vs Britton–Robinson).

Table 1. Study of instrumental and chemical variables.

Variable Studied Range Selected Value

Instrumental
t (SF)/s 0–180 60
V(S)/μL 50–100 100
V(R)/μL 25–100 75

V(OPA)/μL 25–100 50

Chemical
pH 9.0–12.0 10.0

c(NAC)/mmol L−1 0.5–5.0 2.5
c(OPA)/mmol L−1 0.5–10.0 5.0

Molecules 24

2.3. Validation of the ZF Sensor 

Figure 1. Effect of the pH on the derivatization reaction; for experimental details see Section 2.2.
AMA = amantadine, RIM = rimantadine, MEM =memantine.
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The effects of the volume and amount concentration of the OPA and NAC reagents were
investigated within the ranges included in Table 1. The criteria for selecting the final values were
sensitivity and consumption. In all cases non-linear relationships were observed between the
fluorescence intensities and the examined variables. The values of 75 μL (NAC solution, 2.5 mmol L−1)
and 50 μL (OPA solution, 5 mmol L−1) provided adequate sensitivity and excess of reagents for the
selected applications.

The effect of the sample injection volume is always an important parameter in flow-based sensors
since it directly affects the dispersion of the analytes within the flow lines. The sensitivity increased
between 150% and 200% for all analytes within 50–150 μL sample injection volume. Finally, the volume
of 100 μL was selected as a compromise between sensitivity, consumption and sampling rate.

2.3. Validation of the ZF Sensor

The proposed sensor has been validated for determination range, limits of detection (LOD) and
quantification (LOQ), precision, selectivity, accuracy and robustness.

The determination range was evaluated within 50% to 150% of the 100% level for the three
analytes, i.e., 50–150 mg L−1 for AMA and MEM and 5–15 mg L−1 for RIM. The selected range covers
the specifications for both assay and content uniformity tests. Six calibration levels were used (n = 6).
The respective regression equations were

F = 72.9 (±5.8) + 4.84 (±0.05) × γ(AMA), r2 = 0.9996

F = 100.8 (±3.0) + 2.56 (±0.03) × γ(MEM), r2 = 0.9996

F = 17.0 (±6.1) + 42.28 (±0.95) × γ(RIM), r2 = 0.9990

where F is the fluorescence intensity as measured by the detector and γ the mass concentration of the
analytes in mg L−1. Linearity was further validated using the back-calculated concentrations (residuals).
The percent residuals were distributed randomly around the “zero axis” and ranged < ± 3% (−1.5% to
+0.9% for AMA, −0.2% to +1.1% for MEM and −1.6% to +1.7% for RIM).

The LODs and LOQs were estimated based on the following equations

LOD = 3.3 × SDb/s and LOQ = 10 × SDb/s

where SDb is the standard deviation of the intercept and s is the slope of the respective regression lines.
The calculated LOD/LOQ for the three analytes were 4/12 mg L−1 for AMA, 3.9/11.2 mg L−1 for MEM
and 0.5/1.5 mg L−1 for RIM respectively.

The within-day precision was validated at the 100% level for the three active pharmaceutical
ingredients, i.e., 100 mg L−1 for AMA and MEM and 10 mg L−1 for RIM. The RSD values were better
than 1.9% for 8 consecutive injections. The day-to-day precision was validated by comparing the slopes
of six regression lines for each analyte within a time period of 10 days. The RSD values of the slopes
were better than 6.5% in all cases.

The selectivity and accuracy of the proposed sensor were validated using the “placebo approach”
by preparing synthetic samples at three concentration levels of 50%, 100% and 150% for each compound.
The synthetic samples also contained the placebo mixture (all excipients except for the active ingredients)
at 1000 mg L−1 for AMA and MEM and 100 mg L−1 for RIM (10-fold excess over the 100% level).
The acceptable recoveries should be in the range of 95% to 105%. The experimental results included in
Table 2 confirmed the accuracy and selectivity of the procedure.

The robustness of the proposed method was evaluated by small deliberate variations (±5%) on
critical instrumental and chemical parameters such as the stopped flow time (57–63 s), the sample
volume (95–105 μL), the reaction pH (9.5–10.5), the amount concentration of OPA (4.7–5.3 mmol L−1)
and the amount concentration of NAC (2.3–2.7 mmol L−1). With the exception of the pH all examined
parameters resulted in variations in the range of 95% to 105% for all analytes. On the other hand,
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the strict regulation of the pH proved to be the most critical prerequisite since the variations ranged
between 91.5% to 110.8%.

Table 2. Accuracy and selectivity of the proposed ZF method.

Sample
Analyte Concentration

(mg L−1)
Placebo Concentration

(mg L−1)
Recovery (%)

AMA MEM

S1 50 1000 103.6 97.2
S2 100 1000 101.0 99.7
S3 150 1000 102.9 101.7

RIM

S1 5 100 103.6
S2 10 100 97.1
S3 15 100 101.5

2.4. Applications of the ZF Sensor

The developed ZF fluorimetric sensor has been applied to the quality control (QC) of commercially
available AMA and MEM containing pharmaceuticals (there were no commercially available RIM
formulations in the Greek market). Two of the formulations, i.e., MEM oral drops (10 mg mL−1) and
AMA caps (100 mg per cap) were EU-licensed obtained from the Greek market, while two additional
formulations, i.e., MEM tabs (5 mg per tab) and AMA(2) caps (100 mg per tab) were obtained from
web-pharmacies and are produced in third countries (non-EU licensed). MEM oral drops were analyzed
in terms of assay of the active ingredient, while capsules and tablets were also analyzed for content
uniformity. The experimental results are presented in Tables 3 and 4. The Tables also include the
specification limits of the pharmacopoeias for each formulation and the results from a corroborative,
in-house validated HPLC method based on reversed phase separation and post-column derivatization
(see Section 3.5 for details). The comparison of the obtained results (t-test) indicated that there is
no statistical difference between the proposed ZF and HPLC methods at confidence interval 95%
(texp < tcrit (95%, n = 4)). The content uniformity results are also presented graphically, including the
specification limits according to USP monograph (Figure 2).

As can be seen in the experimental results of Table 3, both EU-licensed formulations and the
non-EU MEM tablets were within specifications regarding to the assay test. On the other hand,
the non-EU licensed AMA capsules were out of specifications in the assay test with an average content
of 85.3 (±2.1) mg AMA per capsule that is less than the 90% to 110% limits set by international
pharmacopoeias. These results were found to be in accordance with the corroborative HPLC method.
As can be seen in Table 4, only the EU-licensed AMA capsule formulation passed the content uniformity
test based on the USP acceptance value (AV). Non-EU produced AMA and MEM formulations failed
to pass the content uniformity test using both 10 and 30 units for analysis.

Table 3. Assay of AMA- and MEM-containing pharmaceutical formulations.

Formulation/Sample Label Content Specifications Assay (%) HPLC (%)

AMA caps (EU) 100 mg/cap 95% to 105% 97.4 (±1.5 a) 96.1 (±2.2)
AMA caps (non-EU) 100 mg/cap 95% to 105% 85.3 (±1.2) 86.9 (±1.8)
MEM tabs (non-EU) 5 mg/tab 95% to 105% 92.4 (±1.7) 92.2 (±1.9)

MEM oral drops (EU)

Lot1 10 mg mL−1 95% to 105% 99.3 (±0.8) 100.5 (±1.7)
Lot2 10 mg mL−1 95% to 105% 99.5 (±1.2) 101.2 (±2.6)
Lot3 10 mg mL−1 95% to 105% 98.5 (±1.1) 99.8 (±2.3)

a Standard deviation.
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Table 4. Content/Dosage uniformity test of pharmaceutical preparations.

Sample
Content Uniformity (%)

AMA Caps (EU) 100 mg/Cap AMA Caps (Non-EU) 100 mg/Cap MEM Tabs (Non-EU) 5 mg/Tab

S1 92.1 (±1.3 a) 85.4 (±0.6) 79.8 (±1.5)
S2 98.9 (±0.5) 84.4 (±0.8) 85.5 (±1.7)
S3 95.7 (±0.9) 88.2 (±1.5) 100.8 (±2.1)
S4 103.3 (±1.8) 86.7 (±1.0) 93.5 (±2.2)
S5 96.0 (±1.1) 85.7 (±1.2) 82.5 (±1.7)
S6 98.5 (±1.1) 86.0 (±1.2) 100.8 (±1.4)
S7 96.4 (±0.9) 84.5 (±0.6) 96.2 (±0.9)
S8 94.9 (±1.3) 84.5 (±0.9) 86.6 (±2.5)
S9 94.2 (±1.4) 83.7 (±1.5) 109.7 (±1.2)

S10 104.2 (±0.8) 83.9 (±1.7) 88.6 (±2.1)
S11

Molecules 24

85.0 (±1.1) 92.5 (±1.1)
S12 84.1 (±1.2) 96.7 (±1.3)
S13 85.6 (±0.3) 89.9 (±0.6)
S14 83.9 (±0.5) 87.6 (±0.8)
S15 83.6 (±0.9) 96.2 (±1.3)
S16 85.9 (±0.5) 88.4 (±0.2)
S17 86.2 (±1.2) 100.1 (±0.9)
S18 84.9 (±1.3) 87.5 (±1.6)
S19 84.8 (±0.8) 90.9 (±1.5)
S20 86.7 (±1.2) 106.1 (±1.6)
S21 82.9 (±1.6) 88.2 (±0.9)
S22 85.3 (±0.6) 88.9 (±0.8)
S23 85.6 (±0.8) 90.4 (±1.0)
S24 85.1 (±0.5) 105.8 (±1.3)
S25 84.7 (±1.0) 89.5 (±1.9)
S26 85.6 (±1.2) 91.8 (±1.8)
S27 86.0 (±0.9) 91.9 (±2.2)
S28 84.8 (±1.7) 105.7 (±2.4)
S29 83.9 (±1.1) 90.5 (±1.8)
S30 85.4 (±1.0) 85.4 (±0.7)
X 97.4 85.1 92.9
M 98.5 98.5 98.5
s 3.9 1.1 7.4

AV 10.5 15.6 20.5
L1 15 15 15

Result Pass (AV<L1) Fail (AV>L1) Fail (AV>L1)
a Standard deviation.
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3.1. Instrumentation 

Figure 2. Graphical depiction of the content uniformity results of the selected EU and non-EU formulations
using the proposed ZF method; LSL = lower specification limit, USL = upper specification limit.
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3. Materials and Methods

3.1. Instrumentation

The home-made ZF setup (Figure 3) consisted of the following parts: a Minipuls3 peristaltic pump
(Gilson), a micro-electrically actuated 10-port valve (Valco), a RF-551 flow-through spectrofluorimetric
detector (Shimadzu); PTFE tubing was used for the connections of the flow configuration (0.5 or
0.7 mm i.d.), and Tygon tubing was used in the peristaltic pump. Control of the ZF system was
performed through a LabVIEW (National Instruments) based program also developed in house.

The HPLC-PCD setup comprised the following parts (Figure S1 in supplementary material):
a AS3000 autosampler (Thermo Scientific), a LC-9A binary pump (Shimadzu, Japan), a RF-551
spectrofluorimetric detector (λex/λem = 340/455 nm) (Shimadzu, Japan), an EliteTM vacuum degasser
(Alltech, U.S.), a 150 × 4.6 mm i.d. reversed-phase column (Prevail, Alltech). A peristaltic pump was
employed for the propulsion of the PCD reagents (Gilson Minipuls3). PTFE tubing (0.5 mm i.d.) was
used for the construction of the reaction coil (RC) and all necessary PCD connections.

Data acquisition including peak highs (ZF method) and areas (HPLC-PCD method) was carried
out through the Clarity® software (version 4.0.3, DataApex, Czech Republic).Molecules 24

o N

3.2. Reagents and Solutions 

o
N

Figure 3. Graphical depiction of the Zone Fluidics manifold and the analytical sequence steps for the
determination of the adamantane derivatives; PP = peristaltic pump, HC = holding coil, S = sample,
FL = fluorimetric detector, RC = reaction coil, C = carrier (water), W = waste, OPA = o-phthalaldehyde,
NAC = N-acetylcysteine.
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3.2. Reagents and Solutions

Memantine (MEM), Amantadine (AMA) and Rimantadine (RIM) were purchased by Sigma;
o-phthalaldehyde (OPA, Fluka), N-acetylcysteine (NAC, Merck), Na2CO3 (Merck), NaOH (Merck)
and HCl (Sigma) were all of analytical grade. Doubly de-ionized water was produced by a Milli-Q
system (Millipore).

The stock solutions of the analytes were prepared at the 1000 mg L−1 level in water. They were
kept refrigerated and were found to be stable for at least one month. Working solutions were prepared
on a daily basis by appropriate dilutions in water. The 100% level was 100 mg L−1 for MEM and AMA
and 10 mg L−1 for RIM.

The derivatizing reagent (OPA) was prepared at an amount concentration of 10 mmol L−1 by
firstly dissolving in 0.5 mL methanol and subsequently adding 9.5 mL water [19]. This solution was
stable for two weeks at 4 oC in an aluminum foil-wrapped container. NAC was prepared in water
(10 mmol L−1) and diluted at the desired working concentrations in 100 mmol L−1 carbonate buffer
(pH = 10).

The placebo mixture used in accuracy and selectivity studies consisted of representative
pharmaceutical grade excipients and was prepared at a nominal concentration of 10 mg mL−1

according to previously published protocols [20].

3.3. ZF Procedure

A graphical depiction of the ZF sequence can be found in Figure 3. In brief, NAC/Buffer (75 μL,
2.5 mmol L−1, pH = 10), OPA (50 μL, 5 mmol L−1) and sample (100 μL) were sequentially aspirated
in the holding coil (HC). The reaction mixture was propelled for 30 s towards the reaction coil (RC)
at a flow rate of 0.6 mL min−1, and the reaction was allowed to develop for 60 s under stopped-flow
conditions. Detection was carried out downstream at λex/λem = 340/455 nm. More detailed description
of the ZF steps is tabulated in Table S1 (supplementary material). The sampling throughput was 16 h−1.

3.4. Preparation of Samples

Pharmaceutical samples included both EU-licensed products—purchased from local
pharmacies—and non-EU-licensed formulations—purchased from web-pharmacies. Three lots of
MEM oral drops (10 mg mL−1) were analyzed directly, after 10-fold dilution in water. AMA capsules
(100 mg per cap) and MEM tablets (5 mg per tab) (n = 10) were ultrasonically dissolved in water
followed by filtration through 0.45 μm syringe filters and dilution with water to meet the 100% level
concentration. For content uniformity tests, ten capsules or tablets from each formulation were treated
individually (n = 10) as indicated by the U.S. pharmacopoeia [21].

3.5. HPLC-PCD Corroborative Method

Fifty microliters of samples or standards were injected in HPLC column and separated at ambient
temperature at a flow rate of 0.5 mL min−1. The HPLC mobile phase was CH3OH/phosphate buffer
(25 mmol L−1, pH = 2.0) at a volume ratio of 50:50. Prior to use, it was filtered under vacuum
through 0.22 μm membrane filters (Whatman®). The post-column-derivatization reagents were OPA
at an amount concentration of 20 mmol L−1 and a mixture of NAC (5 mmol L−1)/100 mmol L−1

borate buffer (pH = 11.0). The PCD reagents were pre-mixed on-line (0.2 mL min−1 each) through a
binary inlet static mixer (BISM, ASI-Analytical Scientific Instruments) with internal volume of 250 μL.
The derivatization was allowed to proceed on passage through a 100 cm long knitted reaction coil.
The derivatives of Amantadine, (tR = 6.6 min), Rimantadine (tR = 13.5 min), Memantine (tR = 15.8 min)
were detected fluorimetrically at λex/λem = 340/455 nm (see typical chromatogram in Figure S3 in the
supplementary material).
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4. Conclusions

The developed automated fluorimetric sensor for the analysis of pharmaceutically active
adamantane derivatives offers some interesting features:

1. This is the first flow-based method for this class of active pharmaceutical ingredients;
2. The sensor utilizes commercially available reagents, is simple and straightforward;
3. The concept of zone fluidics minimizes the consumption of the samples and reagents compared

to continuous flow methods, at a sampling rate of 16 h−1;
4. Validation experiments confirmed the suitability of the method for the QC of commercially

available formulations;
5. A non-EU licensed formulation was found to be out of the specifications set by

international pharmacopoeias;

Supplementary Materials: The following are available online at http://www.mdpi.com/1420-3049/24/21/3975/s1,
Figure S1: Schematic diagram of the HPLC-PCD setup; Figure S2: Reaction between OPA and the studied
adamantine derivatives using N-acetylcysteine (NAC) as nucleophilic reagent, Figure S3: Representative
chromatogram from standard mixture of the adamantane derivatives by the corroborative HPLC-PCD method,
Table S1: ZF sequence for the automated determination of adamantane derivatives.
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Abstract: A new determination method for polyhexamethylene biguanide hydrochloride (PHMB)
using a lactone-rhodamine B (L-RB) based fluorescence optode has been developed. The optode
membrane consists of 2-nitrophenyl octyl ether as a plasticizer, L-RB, and poly (vinyl chloride).
The optode responds to tetrakis (4-fluorophenyl) borate, sodium salt (NaTPBF) in the μM range.
The fluorescence intensity of the L-RB film for PHMB solution containing 20 μM NaTPBF decreased
linearly as the concentration of the PHMB solution increased in the concentration range from 0 to
8.0 μM, which shows that PHMB with a concentration range of 0 to 8.0 μM is determined by the L-RB
film optode. The concentration of PHMB in the contact lens detergents by the proposed method was
in accord with its nominal concentration.

Keywords: optode; polyhexamethylene biguanide hydrochloride; lactone-rhodamine B;
contact-lens detergent

1. Introduction

Polyhexamethylene biguanide hydrochloride (PHMB), a kind of a cationic polyelectrolyte (CP),
is very useful for disinfectants in a contact lens detergent (CLD) and sanitizers for swimming pools.
Many analytical methods for PHMB have been studied [1–12]. However, the lower determination
concentration of several analytical methods for PHMB is above a few ppm, and the methods have very
tedious operation procedures and use very toxic reagents frequently. Furthermore, the methods were
not applied to the measurement of PHMB in commercially available CLDs because the concentration
of PHMB in the commercially available CLDs is ca. 1.1 ppm (5.0 μM). A highly sensitive HPLC
method with a solid phase extraction and an evaporative light scattering detector, whose lower
detection limit is 0.1 ppm (0.45 μM), has been reported for the determination of PHMB in CLDs [4].
However, the apparatus of the method is very expensive and exaggerated. On the other hand, we have
reported a new spectrophotometric flow injection analysis (FIA) method for the determination of
PHMB and determined PHMB in the CLDs by the FIA method [11]. However, a large amount of
reagent solution was consumed. Recently, Uematsu et al. reported a new promising determination
method of PHMB using a glucose oxidase enzymatic reaction. The method is relatively simple and has
high sensitivity (determination range of 0.05 to 0.4 ppm). However, the method utilizes a relatively
high-cost enzyme such as a glucose oxidase and catalase [12].

Therefore, a simpler and low-cost analytical method with a low amount of used reagent solution
and waste for the measurement of PHMB in CLDs using a chemical sensor is very helpful. The chemical
sensor is very useful analytical tool, since it has the advantages of simple operation and relatively
low cost. A highly sensitive electroanalytical sensor for PHMB by using adsorptive voltammetry as

Molecules 2020, 25, 262; doi:10.3390/molecules25020262 www.mdpi.com/journal/molecules111



Molecules 2020, 25, 262

reported by Hattori et al. did not apply to the determination of PHMB in CLDs [6]. We have already
reported an FIA method for a CP and an anionic polyelectrolyte (AP), utilizing the formation of an ion
associate between a cationic polyelectrolyte and AP or an anionic surfactant (AS), and an ion-selective
electrode (ISE) detector [13,14].

An analytical method of PHMB using an optode as a chemical sensor is very promising, because the
optodes have several excellent advantages that are distinct from the electrochemical measurements
such as the adsorptive voltammetric electroanalytical sensor and the ISE, in that the optodes are
less susceptible to electrical noise, do not require a lead wire from their sensing membrane, and do
not require a reference electrode for measurement. However, no research papers regarding the
determination method for PHMB using an optode have been published so far.

Recently, we have reported an AS-sensitive optode based on a lactone rhodamine B (L-RB)
film [15–17]. From the results, PHMB is expected to be determined with an optode responding to
a hydrophobic anion such as AS, because PHMB will form an ion associate with the hydrophobic
anion, and the concentration of the free hydrophobic anion is detected by the AS optode.

In this work, we have developed the determination method of PHMB in CLDs using an optode
based on L-RB film.

2. Results and Discussion

2.1. Absorption Spectra, Excitation, and Fluorescence Spectra of an L-RB Film after Immersing to a
NaTPBF Solution

The sample solution contains PHMB and a hydrophobic anion, NaTPBF (constant concentration).
An increase of concentration of PHMB decreases the concentration of free NaTPBF, because PHMB
forms an ion associate with NaTPBF quantitatively. PHMB is determined by measuring the decrease of
concentration of free NaTPBF by the optode based on L-RB film.

At first, we examined the response of the optode based on L-RB film to NaTPBF. Figure 1 illustrates
the absorption spectra of the L-RB film after the L-RB film is immersed in NaTPBF solution containing
a buffer solution (pH 4.0) for 30 min. The absorbance of the L-RB film at 559 nm shown in Figure 1
increased as the concentration of NaTPBF increases in the 0 to 10.0 μM region (r2 = 0.980), as indicated
in Figure 2. The graph equation for NaTPBF was 0.0081 x + 0.0296. Here, x is the μM concentration of
NaTPBF, and y is the absorbance of the L-RB film. Next, the fluorescence of the L-RB film was measured
in order to determine NaTPBF in the lower concentration region. Figure 3 depicts the excitation and
fluorescence spectra of the L-RB film after it was immersing to a 5.0 μM NaTPBF solution (pH 4.0,
adjusted with a 0.1 M CH3COOH/CH3COONa buffer solution) and the pH 4.0 buffer solution (0 μM
NaTPBF solution) for 30 min, respectively. It can be seen that in case the sensing film is immersed in the
NaTPBF solution, the fluorescence intensity of the sensing film significantly increased, compared with
that of the case of immersion of the sensing film to pH 4.0 buffer solution. When the L-RB film was
immersed in a NaTPBF solution, the maximum fluorescence intensity of the L-RB film was obtained
at λex = 561 nm and λem = 584 nm. In the subsequent experiments, the wavelengths were used for
the fluorescence intensity measurements of the L-RB film. The increase of the fluorescence intensity
at λex = 561 nm and λem = 584 nm for the L-RB film immersed to the 5.0 μM NaTPBF solution was
apparent due to a coextraction of the TPBF− anion and a proton into the L-RB film. Here, the L-RB
protonates and associates with the extracted TPBF− anion; as a result, the protonation of the L-RB
results in a spectral change. The formation reaction of the ion associate between the protonated L-RB
and extracted TPBF− anion was as follows:

(TPBF−)aq + (H+)aq + (L-RB)memb (low fluorescence intensity)
� (L-RB-H+-TPBF−)memb (high fluorescence intensity)

where memb is the L-RB film, and aq is an aqueous solution.
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Figure 3. The excitation and fluorescence spectra of the L-RB film after it was immersing to a 5.0 μM
NaTPBF solution (pH 4.0, adjusted with a 0.1 M CH3COOH/CH3COONa buffer solution) (1: excitation
spectrum), (2: fluorescence spectrum), and that of the pH 4.0 buffer solution (0 μM NaDBS solution)
(3: excitation spectrum), (4: fluorescence spectrum) for 30 min, respectively.

The fluorescence intensity of the L-RB film also increases as the immersion time of the L-RB
film to the NaTPBF solution increases. This may be due to the very low extraction rate of NaTPBF,
which is similar to that of anionic surfactants, into the L-RB film and hence, a very long response
time is obtained. The drawback of the very long response time of the optode was solved by a kinetic
approach in which the fluorescence intensity of the optode is measured at a fixed time. An immersion
time of 10 min was used in subsequent fluorescence experiments as a compromise of the sensitivity
of the L-RB film and sample throughput. A good linear relationship (r2 = 0.980) was also obtained
between the fluorescence intensity at 561 nm and the NaTPBF concentration in the 0 to 10.0 μM range.

2.2. Calibration Curve for PHMB

The effect of a coexisting concentration of NaTPBF in a sample solution on the response sensitivity
of the L-RB film to the PHMB anion was examined. If 100.0 μM was used as the coexisting concentration
of NaTPBF, the sensitivity of the optode was much less than that when 10.0 and 20.0 μM are used as
the coexisting concentrations of NaTPBF. In the event that 10.0 and 20.0 μM are used as coexisting
concentrations of NaTPBF, the sensitivity of the optode is almost the same. When 10.0 μM is used as the
coexisting concentration of NaTPBF, the concentration of PHMB in the commercially available contact
lens detergents was not agreement with its nominal concentration in a preliminary examination (see
Section 2.4). Since the determination concentration range of the optode for PHMB is enough to measure
PHMB in the commercially available CLDs (ca. 1.1 ppm, 5.0 μM) when 20 μM is used for the coexisting
concentration of NaTPBF, other concentrations of NaTPBF were not investigated. From the finding,
the concentration of NaTPBF was determined to be 20.0 μM. Figure 4 reveals a standard calibration
curve for PHMB in three measurements, which were obtained by using the L-RB film measured
at λex = 561 nm and λem = 584 nm after the immersion of the L-RB film to a PHMB solution in the
presence of 20 μM NaTPBF for 10 min. The error bars show the average ± relative standard deviation.
A plot of the fluorescence intensity of the L-RB film versus the concentration of PHMB ranged from
0 to 8.0 μM yields a straight line (r2 = 0.989). The regression equation of the calibration curve for
PHMB is y = −13.0 x + 133. Here, x is the μM concentration of PHMB, and y is the relative fluorescence
intensity. The detection limit of the optode, which is defined as the concentration equivalent to 3σ,
was ca. 1.6 μM, where σ is the standard deviation of the response for a blank solution.
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Figure 4. Calibration curve for polyhexamethylene biguanide hydrochloride (PHMB) in the presence
of 20.0 μM NaTPBF obtained by using an L-RB-based fluorescence optode.

The tetrahydrofuran (THF) solution of the components of the L-RB film was stored for at least six
months in a refrigerator at 4 ◦C while maintaining its performance as a sensing film for PHMB.

2.3. Evaluation of the Removal of PHMB by Using Several Solid-Phase Extraction Columns

Commercially available CLDs often contain polyhexanide (PHMB, 1.1 ppm, equivalent to
5.0 μM), buffer agent, stabilizer, an isotonic agent, pH adjuster, poloxamine (nonionic surfactant),
and an ingredient called hydranate, which is known by chemists as hydroxyalkylphosphonate. In order
to quantitate PHMB in CLDs by utilizing a standard addition method, the CLDs containing no PHMB
must be prepared. Therefore, the removal of PHMB using several solid-phase extraction (SPE) columns
was evaluated for 6.0 μM PHMB as a sample solution. Table 1 shows the sequence of adsorption of
PHMB by solid-phase extraction columns. The sequence is as follows: Sep-Pak Plus CN > Sep-Pak
Plus C18 > Sep-Pak Plus C8 > Sep-Pak Plus PS 2 > OASIS HLB 1cc. In case that Sep-Pak Plus CN
as a solid-phase extraction column was used, approximately all the PHMB was removed. From the
result, Sep-Pak Plus CN as a solid-phase extraction column was used for removal of PHMB in order to
quantify PHMB in the CLDs by a standard addition method.

Table 1. Evaluation of the removal of PHMB by using several solid-phase extraction columns.

Solid-Phase Extraction Column
Concentration of Adsorbed

PHMB Column
Removal of PHMB in from the

Column/%

Sep-Pak Plus CN 6.0 μM 100
Sep-Pak Plus C18 5.0 μM 83
Sep-Pak Plus C8 2.8 μM 47
OASIS HLB 1cc 1.0 μM 17

Sep-Pak Plus PS 2 2.1 μM 35

The peak height for 6.0 μM PHMB with the SPE columns was compared with that without those columns, and the
concentration of adsorbed PHMB in the columns was measured from the calibration curve for PHMB without
the columns.

2.4. Determination of PHMB in the CLDs

The fluorescence intensities of the L-RB film for the solutions containing 20.0 μM of NaTPBF
and a known amount of PHMB to a fivefold diluted CLD solution (A), and those for a solution
containing 20.0 μM NaTPBF and a fivefold diluted CLD solution (A) through a Sep-Pak CN column
were measured, respectively. The fluorescence intensity for a solution containing 20.0 μM NaTPBF and
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a fivefold diluted CLD solution (A) through a Sep-Pak CN column was deducted from that for the
solutions containing 20.0 μM NaTPBF and a known amount of PHMB to a fivefold diluted contact
lens detergent solution (A) without a Sep-Pak CN column. Figure 5 shows a plot of the deducted
fluorescence intensity as the vertical axis with added PHMB concentration as the horizontal axis.
From the X-intercept of the straight line, the concentration of PHMB in the CLD (A) is calculated to be
5.1 μM, which is similar to the nominal PHMB concentration (5.0 μM). Table 2 shows results for the
determination of PHMB in CLD (A) and (B). From Table 1, the L-RB film-based optode was capable of
determining PHMB in a few CLDs.
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Figure 5. Determination of PHMB in a contact lens detergent (A) by the standard addition method.
The fluorescence intensity for a solution containing 20.0 μM of NaTPBF and a fivefold diluted contact
lens detergent solution (A) through a Sep-Pak CN column was deducted from that for the solutions
containing 20.0 μM of NaTPBF and a known amount of PHMB to a fivefold diluted contact lens
detergent solution (A) without a Sep-Pak CN column. The deducted fluorescence intensity as the
vertical axis was plotted for added PHMB concentration as the horizontal axis.

Table 2. Determination of PHMB in contact lens detergents.

Contact Lens Detergents Nominal Value Determination Value/μM

(A) 1.1 ppm (5.0 μM) 5.1
(B) 0.001 mg/mL (4.6 μM) 4.8

3. Experimental

3.1. Reagents

Poly (vinyl chloride) (PVC) powder and rhodamine B (RB) from Wako Pure Chemical Industries,
Ltd. (Osaka, Japan) were used. 2-nitrophenyl octyl ether (NPOE), tetrakis (4-fluorophenyl) borate,
sodium salt, and dihydrate (NaTPBF) were purchased from Dojindo Laboratories (Kumamoto, Japan).
Sep-Pak Plus CN, Sep-Pak Plus C18, Sep-Pak Plus C8, OASIS HLB 1cc, and Sep-Pak Plus PS 2
purchased from Waters (Milford, MA, United States) were used as the solid-phase extraction (SPE)
columns for the removal of PHMB. All other chemicals of reagent grade were used as received.
The PHMB concentration (M =mol dm−3) indicates the number of moles of ionic groups/volume (liter)
of polymer solution.

116



Molecules 2020, 25, 262

3.2. Preparation of Optode Film Containing L-RB

An optode film containing L-RB was prepared as follows. The fabrication method is similar to
our previous paper [14–16]. Take NPOE (5.0 g) and 24.0 mL of a mixed aqueous solution containing
75.0 μM RB and 1.0 M NaOH in a plastic tube, stir for 24 h at 55 ◦C, and extract L-RB into the NPOE
phase. The NPOE phase (4.0 g) centrifuged from the aqueous phase (10 min) and PVC powder
(0.80 g) were solubilized in 20 mL of tetrahydrofuran (THF). By means of immersing a quartz glass
plate (length: 3.5 cm, width: 1.0 cm, thickness: 1 mm) in the THF solution for 5 s, an L-RB film for
the measurement of fluorescence was fabricated. In the event of measurement of absorbance of the
L-RB film, a glass plate (length of 3.5 cm, a width of 1.0 cm and thickness of 1 mm) was used in
place of the quartz glass plate. The L-RB film was dried at room temperature for more than 2 h and
then conditioned with CH3COOH-CH3COONa buffer solution (pH 4.0) for 24 h before starting an
experiment. The fluorescence intensity of the L-RB film was measured for 10 min at λex = 561 nm
and λem = 584 nm on a spectrofluorimeter (JASCO FP-750, JASCO Corporation, Tokyo, Japan). The
measurement was performed by placing the L-RB film on the diagonal of a 1 cm square quartz cuvette
(height 4.5 cm, length 1.25 cm, width 1.25 cm) containing a sample solution (3.0 mL). The thickness
of the prepared L-RB film was about 0.2 mm. In the case of measurement of absorbance of the
L-RB film, glass plates coated with L-RB films were fixed in disposable cuvettes (4.5 cm high, 1.25
cm long, and 1.25 cm wide) filled with 2.0 mL of PHMB solution (pH 4.0 adjusted with a 0.1M
CH3COOH/CH3COONa buffer solution). The absorption spectrum of the L-RB films was measured
with a spectrophotometer (JASCO, V-530-iRM, JASCO Corporation, Tokyo, Japan). All spectroscopic
measurements were performed in batch mode. The L-RB film was used as a disposable sensor for
one-shot measurement.

3.3. Evaluation of Removal of PHMB by Using Several Solid-Phase Extraction Columns with a Flow Injection
Analysis (FIA)

The FIA system and its experimental conditions for evaluation of the removal of PHMB in
commercially available CLDs using several solid-phase extraction (SPE) columns are the same as that
for the measurement of PHMB in the previous paper [11]. A PHMB sample solution (140 μL) with
and without pretreatment using the SPE columns was injected into the FIA system. The peak height
for 6.0 μM PHMB with the SPE columns was compared with that without those columns, and the
concentration of adsorbed PHMB in the columns was measured from the calibration curve for PHMB
without the columns.

4. Conclusions

A fluorescence optode based on an L-RB film for the determination of PHMB was fabricated.
The response of the optode shows a good linear response between fluorescence intensity and the
concentration of PHMB with the concentration range of 0 to 8.0 μM. The application of the L-RB
film optode was made for the determination of PHMB in the CLDs. The procedures of the proposed
method based on the L-RB film optode is much simpler than those of the conventional determination
methods without using very toxic reagents. The L-RB film is easily fabricated with relatively low cost.
The present method will be very promising for the quality control of CLDs. The L-RB film was used as
a reversible film for the FIA of AS [16]. Therefore, the L-RB film will be used as a reversible film for
the determination of PHMB. We continue the research regarding the FIA of PHMB using the optode
detector based on L-RB film as a reversible film.
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Abstract: We developed, optimized and validated a fast analytical cycle using high throughput
bar adsorptive microextraction and microliquid desorption (HT-BAμE-μLD) for the extraction and
desorption of ketamine and norketamine in up to 100 urine samples simultaneously, resulting in
an assay time of only 0.45 min/sample. The identification and quantification were carried out
using large volume injection-gas chromatography-mass spectrometry operating in the selected ion
monitoring mode (LVI-GC-MS(SIM)). Several parameters that could influencing HT-BAμE were
assayed and optimized in order to maximize the recovery yields of ketamine and norketamine
from aqueous media. These included sorbent selectivity, desorption solvent and time, as well
as shaking rate, microextraction time, matrix pH, ionic strength and polarity. Under optimized
experimental conditions, suitable sensitivity (1.0 μg L−1), accuracy (85.5–112.1%), precision (≤15%)
and recovery yields (84.9–105.0%) were achieved. Compared to existing methods, the herein described
analytical cycle is much faster, environmentally friendly and cost-effective for the quantification of
ketamine and norketamine in urine samples. To our knowledge, this is the first work that employs a
high throughput based microextraction approach for the simultaneous extraction and subsequent
desorption of ketamine and norketamine in up to 100 urine samples simultaneously.

Keywords: ketamine; norketamine; high throughput bar adsorptive microextraction;
LVI-GC-MS(SIM); urine

1. Introduction

Ketamine (KET) was developed in 1962 during a search for a less problematic replacement for
phencyclidine (PCP), an anesthetic that had gained notoriety for inducing hallucinations and psychosis.
Due to its quick onset and short duration of action with only slight cardio-respiratory depression in
comparison with other general anesthetics and the possibility of inhalation to maintain the anesthetic
state, KET is a preferred drug for short-term surgical procedures in veterinary and human medicine,
especially in children [1]. The main drawback of KET is its potential for causing vivid hallucinations,
similar to those described for lysergic acid diethylamide (LSD) consumption [2]. As a result of this,
it was initially abused by medical personnel and gradually became popular among young users at
dance and rave parties [3]. In fact, the total quantity of KET seized worldwide increased from an annual
average of 3 tons in the period 1998–2008 to 10 tons in the period 2009–2014 and 15 tons annually
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between 2015 and 2017 [4]. In humans, KET is metabolized in the liver by the microsomal cytochrome
P450 system. CYP3A4 is the main enzyme responsible for KET N-demethylation to form norketamine
(NKET). NKET is then hydroxylated, conjugated and excreted in the urine [5]. Studies of KET urinary
excretion indicate that, over a 72-h period, little unchanged drug and NKET are present (2.3% and 1.6%,
respectively). Most excreted compounds (80%) are conjugates of hydroxylated KET metabolites [6].
In urine collected from hospitalized children who had received KET as an anesthetic, it was detectable
up to 2 days after drug administration (29–1410 μg L−1) and NKET was detected for up to 14 days (up
to 1559 μg L−1) [7]. In a group of presumed recreational KET users, urine concentrations of KET and
NKET were 6–7744 μg L−1 and 7–7986 μg L−1, respectively [8].

Several analytical methods have been described in the literature for the determination of KET or
NKET in urine samples, mostly using high performance liquid chromatography with ultraviolet/visible
detection (HPLC-UV) [9], gas chromatography (GC) coupled to either flame ionization detector
(FID) [10], mass spectrometry (MS) [3,7,11], Tandem mass spectrometry (MS/MS) [12] or even liquid
chromatography (LC) coupled to MS [7,8] or MS/MS [13,14]. Sample preparation techniques
used in combination with these chromatographic or hyphenated systems include conventional
liquid-liquid extraction (LLE) [8] or solid-phase extraction (SPE) [7,14,15], but also miniaturized
techniques such as solid-phase microextraction (SPME) [16], stir bar sorptive extraction [9], hollow-fiber
liquid-phase microextraction [3,10] or microextraction by packed sorbent (MEPS) [12]. However,
the preparation and manipulation of these techniques are tiresome, and the number of possible
simultaneous microextractions are very limited, especially when routine work is involved. In order
to overcome some of these issues we recently introduced an alternative approach, high-throughput
bar adsorptive microextraction (HT-BAμE) [17]. This new technique and apparatus have shown to be
user-friendly, cost-effective and presented remarkable effectiveness as a rapid tool for the simultaneous
microextraction of up to 100 samples. In the present work, we propose the use of HT-BAμE for
the extraction process and subsequent microliquid desorption of up to 100 samples in combination
with large volume injection-gas chromatography-mass spectrometry operating in the selected-ion
monitoring acquisition mode (HT-BAμE-μLD/LVI-GC-MS(SIM)) for the determination of KET and
NKET in urine matrices. To our knowledge this is the first work that reports the use of a miniaturized
high throughput methodology for the analysis of the target compounds in urine matrices.

2. Results and Discussion

2.1. Optimization Procedure

In order to maximize the extraction efficiencies for KET and NKET in aqueous media,
different parameters affecting HT-BAμE-μLD/LVI-GC-MS(SIM) procedure have been investigated and
optimized using a univariate approach, were the best values for each parameter were chosen for the next
optimization assay, in accordance to previous similar works [17,18]. The initial conditions consisted in
spiking 1.0 mL of ultrapure water (pH 5.5) with 100 μL of a working mixture containing KET and NKET
resulting in a final concentration of 181.8 μg L−1. Afterwards, the microextraction was performed
for 90 min at 1000 rpm followed by μLD using 100 μL of MeOH containing 1.0 mg L−1 of IS under
sonication (30 min, 42 +/− 2.5 kHz, 100 W). The parameters affecting the developed analytical approach
were evaluated in a sequential order, starting from sorbent selectivity using 6 polymeric phases, which
were chosen for their good performance for the extraction of polar to nonpolar compounds in aqueous
media [17]. Next, the desorption solvent (MeOH, ACN and MeOH/ACN, 1/1, v/v; 100 μL) and time
(from 5 to 60 min), as well as matrix pH (from 2.0 to 11.0), ionic strength (salt content from 0 to 20%,
w/v) and polarity (organic modifier from 0 to 20%, v/v) were assayed. Finally, shaking speed (from
600 to 2200 rpm) and microextraction time (from 5 to 120 min) were evaluated.

Figure 1 depicts all the data from the optimization assays. The results clearly demonstrate that
Strata-X presented higher recovery yields for KET and NKET than the other assayed sorbent coatings
(Figure 1a). This result was expected since Strata-X promotes reverse-phase type mechanisms, such as
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π-π and hydrophobic interactions, which normally favors the retention of non-polar compounds
through its phenyl and polystyrene groups. Moreover, this sorbent coating also allows dipole-dipole
interactions, which normally favors the extraction of the more polar analytes through its pyrrolidone
groups [19,20]. In general, these types of sorbents present higher selectivity for semi-polar to non-polar
compounds (log P > 2.5). According to their chemical structures and polarity (Table 1), both KET and
NKET present non-polar (phenyl) and polar (ketone) groups, resulting in semi-polar to non-polar
characteristics (2.91 < log P < 3.35), which would favor its retention by Strata-X.

Table 1. Chemical structures, octanol-water partition coefficients (log P) and acid dissociation constants
(pKa), as well as retention times (RT) and ions (m/z) of KET and NKET obtained by LVI-GC-MS(SIM),
under optimized instrumental conditions.

Analyte Chemical Structure log P 1 pKa
1 RT (min) Ions (m/z) 2

IS

Molecules 25

K m/z

K m/z

v v

v/v

- - 5.42 83, 168, 169

NKET

Molecules 25

K m/z

K m/z

v v

v/v

2.91 7.48 6.73 166, 168, 195

KET

Molecules 25

K m/z

K m/z

v v

v/v

3.35 7.45 6.97 180, 182, 209

1 Calculator plugins were used for structure property prediction and calculation, Marvin 6.2.2, 2014, ChemAxon
(http://www.chemaxon.com). 2 Quantification (underlined) and qualifier ions.

From the desorption optimization assays, it can be seen that no significant gain is achieved with
either using MeOH, ACN or MeOH/ACN (1/1, v/v) to desorb KET and NKET from the NVP-DVB
sorbent phase (Figure 1b). On the other hand, the optimum conditions for μLD were obtained by using
15 min of sonication time (Figure 1c).

The matrix pH, usually plays an important role in the microextraction process, where normally the
non-ionized form of the target compounds seems to promote higher recovery yields from the aqueous
media, since it favors the reverse-phase type interactions with the sorbent phases [17,18]. KET and
NKET present weak basic characteristics (Table 1), being fully non-ionized at matrix pH > 9.5. For this
reason, the recovery yields were maximized at the most alkaline pH assayed (pH 11.0)—Figure 1d.

By changing the solubility (Figure 1e) and the ionic strength (Figure 1f) of the aqueous matrix,
the recovery greatly decreased for the former (especially with 20% MeOH, v/v) and that the recovery
remained partially unchanged for the later (with successive additions of NaCl). These results can be
explained by the fact that increased matrix solubility normally favors the extraction of more nonpolar
or very low polarity compounds (log P > 3.5) and the increased ionic strength normally favors the
extraction efficiency for compounds with high polarity (log P < 2.0) [17]. As KET and NKET present
semi-polar to non-polar characteristics (2.91 < log P < 3.35), it would be expected that successive
additions of NaCl or MeOH would probably hinder the microextraction process.
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Figure 1. Effect of polymeric sorbent selectivity (a), microliquid desorption (μLD) solvent (b) and
μLD time (c), matrix pH (d), polarity (e) and ionic strength (f), as well as shaking speed (g) and
microextraction time (h) on the enrichment of ketamine (KET) and norketamine (NKET) from aqueous
media, obtained by high-throughput bar adsorptive microextraction (HT-BAμE)-μLD/large volume
injection-gas chromatography-mass spectrometry operating in the selected ion monitoring mode
(LVI-GC-MS(SIM)). The error bars represent the standard deviation for the recovery levels of three
replicates for each parameter evaluated. The microextraction devices were designed to be used only
one time, once they are inexpensive and in order to avoid carryover effects [17].
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Finally, the effect of the shaking speed (Figure 1g) and microextraction equilibrium time (Figure 1h)
for the extraction of KET and NKET in aqueous media water was also assayed. The data obtained
shows that 1800 rpm is the optimum value to microextract both target analytes by using only 30 min
of, with no significant improvements using higher rates.

The method development resulted in the following optimized parameters: microextraction devices
coated with Strata-X sorbent phase; extraction was performed for 30 min at 1800 rpm (pH 11.0); the μLD
step was performed through cavitation (42 +/− 2.5 kHz, 100 W) for 15 min using 100 μL of the MeOH
containing 1.0 mg L−1 of IS.

2.2. Validation Assays

The proposed methodology was validated following the parameters in accordance to Section 3.5
which included selectivity, linearity, sensitivity, accuracy, precision, as well as recovery yields and
matrix effects. Table 2 shows most of the results for the validation results. Selectivity was assessed
by verifying the absence of interfering peaks in the retention times of the target compounds using
blank urine samples (n = 10). Each calibration plot showed good linearity (r2 ≥ 0.999; residuals ≤ 9.7%)
over the range of 5.0 to 1000 μg L−1. The linearity was also estimated (Fcalc) using a lack-of-fit test
(at confidence interval 95%) performed for both, which was always below the Ftab. As it can be observed
the average recoveries yields and matrix effects using urine matrices at four spiking levels were between
84.9–105.0% (RSD ≤ 9.2%) and between −9.1–9.0% (RSD ≤ 14.1%), respectively. The accuracy values
ranged from 87.2 to 110.0% (RSD ≤ 10.1%) and 85.5 to 112.1% (RSD ≤ 12.6%) for KET and NKET,
respectively. These results show that the developed analytical approach is suitable for the analysis of
KET and NKET in urine matrices.

2.3. Figures of Merit

In Table 3 we compare the LODS, linear range, accuracy, precision, recovery, sample volume and
sample preparation time obtained by the proposed methodology and by other microextraction-based
approaches. As it can be seen, the proposed work shows better sensitivity than most reported
methodologies, even when using very sensitive instrumental systems such as GC-MS/MS [12].
The obtained LODs are only higher when compared to a methodology that uses larger amounts of sample
volume [3]. The achieved accuracy, precision and recovery compares favorably with those depicted in
Table 3, with the exception for a report using MEPS in combination with GC-MS/MS [12], although our
proposed analytical approach uses much lower amounts of sample volume. Finally, as it can be seen,
HT-BAμE-μLD/LVI-GC-MS(SIM), presents a much faster sample preparation time (0.45 min/sample)
than the other microextraction-based methodologies using a high throughput configuration.

Figure 2 exemplifies total ion chromatograms from assays performed on spiked and unspiked
urine sample, obtained by HT-BAμE-μLD/LVI-GC-MS(SIM), under optimized experimental conditions,
where good selectivity and sensitivity are noticed, showing no endogenous interfering peaks at the
retention times of the target compounds, including the IS.
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Table 2. Intraday (n = 6) and interday (n = 18) accuracy (%) and precision (± relative standard deviation
(RSD), %), recovery yields (% ± RSD, %) and matrix effects (% ± RSD, %) using four spiking levels,
as well as limits of detection (LODs), lower limits of quantification (LLOQs), linear ranges and r2,
for KET and NKET in urine matrices, obtained by BAμE-μLD/LVI-GC-MS(SIM), under optimized
experimental conditions.

Parameter KET NKET

LOD (μg L−1) 1.0

LLOQ (μg L−1) 5.0

Linear range (μg L−1) 5.0 to 1000.0

Calibration plot (n = 10) y = 0.0032x + 0.0066 y = 0.0032x + 0.029

r2 0.9990 0.9970

Intra-day assays (n = 6)

5.0 μg L−1 87.2 ± 7.6 87.5 ± 11.9
50.0 μg L−1 87.4 ± 6.6 98.8 ± 5.5

200.0 μg L−1 87.9 ± 8.5 89.0 ± 6.8
1000.0 μg L−1 94.8 ± 3.2 98.6 ± 4.5

Inter-day assays (n = 18)

5.0 μg L−1 110.0 ± 5.7 102.0 ± 12.6
50.0 μg L−1 104.4 ± 10.1 112.1 ± 11.8

200.0 μg L−1 94.7 ± 8.7 89.8 ± 12.3
1000.0 μg L−1 102.9 ± 6.9 85.5 ± 6.1

Recovery yields (n = 6)

5.0 μg L−1 105.0 ± 9.2 103.1 ± 5.8
50.0 μg L−1 97.8 ± 7.9 89.8 ± 4.7
200.0 μg L−1 96.6 ± 7.2 88.1 ± 8.5
1000.0 μg L−1 96.5 ± 4.0 84.9 ± 3.4

Matrix effect (n = 6)

5.0 μg L−1 −4.4 ± 6.1 8.4 ± 6.3
50.0 μg L−1 4.9 ± 2.9 −4.6 ± 10.4
200.0 μg L−1 9.0 ± 1.5 2.5 ± 14.1

1000.0 μg L−1 −2.5 ± 6.2 −9.1 ± 5.6

Table 3. Comparison of the proposed method with other previously reported microextraction
approaches for the determination of KET and NKET in urine samples.

Microextraction Technique HF-LPME MEPS SBSE SPME HF-LPME HT-BAμE

Instrumental system GC-MS GC-MS/MS HPLC-UV GC-MS GC-FID LVI-GC-MS

LODs(μg L−1) 0.1–0.25 5 2.3–9.1 100 8 1.0

Linear range(μg L−1) 0.5–50 10–250 30–3000 100–15000 3–350 5.0–1000.0

Accuracy (%) 88.3–108 91.4–105.6 n.a. 105.9–113.6 75.2–119.3 85.5–112.1

Precision (%) ≤10.1 ≤9.2 ≤8.9 ≤14.8 ≤8.9 ≤12.6

Recovery (%) 85.2–101 72.5–100.7 90.8 n.a. n.a. 84.9–105.0

Sample volume (mL) 2 0.25 3 1 3 0.5

Sample preparation time
(min/sample)

60 a 7.42 b 40 c 21 d 20 c 45

Reference [3] [12] [9] [16] [10] This work

n.a. Information not available. a Multi-tube vortexer. Number of simultaneous microextractions not available.
b 8 cycles of 500 μL, 1 cycle of 250 μL and 2 cycles of 100 μL at rates of 10.0 μL s−1. c Magnetic stirrer. Number of
simultaneous microextractions not available. d LEAP CombiPAL. Number of simultaneous microextractions
not available.
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3.1. Chemicals, Sorbents and Samples 

3.2. LVI-GC-MS(SIM) Instrumentation 

Figure 2. Total ion chromatogram of an assay from a spiked (125.0 μg L−1) and unspiked urine sample,
performed by HT-BAμE-μLD/LVI-GC-MS(SIM), under optimized experimental conditions.

Although the developed methodology was fully validated for the linear range of 5.0–1000.0 μg L−1,
KET or NKT was not detected (<LOD) in the analyzed samples (n = 50) provided from a local clinic.
However, the proposed methodology is suitable for the analysis of these compounds since urine
collected from hospitalized children who had received KET as an anesthetic, it was detectable up to
2 days after drug administration (29–1410 μg L−1) and NKET was detected for up to 14 days (up to
1559 μg L−1) [7]. In groups of presumed recreational KET users, it was reported urine concentrations
of KET and NKET were quantified in the range of 6–7744 μg L−1 and 7–7986 μg L−1 [8], 7.3–87.3 and
5.3–5805 μg L−1 [3], 5.07–23031 and 5.87–8341 μg L−1, respectively [14].

3. Materials and Methods

The general sample preparation approach, chemicals, reagents and sorbent materials can already
be found in the literature [17].

3.1. Chemicals, Sorbents and Samples

KET hydrochloride solution (1.0 mg mL−1 in MeOH), (±)-NKET hydrochloride solution
(1.0 mg mL−1 in MeOH) and diphenylamine (internal standard, IS, 98.0%) were purchased from
Sigma-Aldrich (Sigma-Aldrich, MI, USA). The di-sodium hydrogen phosphate anhydrous (Na2HPO4,
99.0%) from Panreac (Barcelona, Spain).

Stock solutions of each standard were prepared at 100.0 mg L−1 by proper dilution with MeOH
and stored at −20 ◦C in amber glass flasks and renewed every month. The standard mixtures used for
method development and validation were prepared by appropriate dilution of the stock solutions in
MeOH. The IS stock solution was prepared at 1.0 mg L−1. Phosphate buffer (75.0 mmol L−1, pH 11.0)
was prepared by proper dilution of Na2HPO4 in ultra-pure water and by adding NaOH 1.0 mol L−1

until the desired solution pH was established (744 pH-meter, Metrohm, Herisau, Switzerland). All the
stock solutions were stored light protected at 4 ◦C and renewed every week.

The authentic urine samples were provided by Joaquim Chaves Saúde clinic (Algés, Portugal).
Upon arrival at the laboratory, the samples were frozen at −80 ◦C until use. For non-disclosure
purposes, these samples were provided without any information from the donors. Blank urine samples
used in all validation assays were obtained from our laboratory staff. It was specified that they could
have consumed KET or any other related substances for at least a month before sampling. The study
was approved by the Faculty Ethics Committee, authorization no. nr 4/2019.

3.2. LVI-GC-MS(SIM) Instrumentation

The LVI-GC-MS(SIM) instrumentation specifications can also be found in a previously published
manuscript [21]. In this particular case, the injection conditions were as follows: vent time, 0.49 min;
flow, 50 mL min−1; pressure, 0 psi; purge flow, 12.9 mL min−1 at 2 min; the inlet temperature was
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programmed from 80 ◦C (0.5 min) to 280 ◦C at a rate of 600 ◦C min−1; 10 μL of injection volume at
100 μL min−1. The oven temperature was programmed from 80 ◦C (held 1 min) to 200 ◦C at a rate of
50 ◦C min−1, to 225 ◦C (held for 5 min) at a rate of 20 ◦C min−1, to 250 ◦C at a rate of 20 ◦C min−1 and
to 280 ◦C at a rate of 50 ◦C min−1 resulting in 11.5 min of total running time. The solvent delay was set
at 4 min. For quantification purposes, calibration curves using the internal standard methodology
were performed. For method optimization in ultra-pure water, relative peak areas obtained from each
assay were compared with the relative peak areas of standard controls used for spiking. In Table 1 we
present the retention times (RT) and ions (m/z) monitored for of KET, NKET and the IS obtained by
LVI-GC-MS(SIM), under optimized instrumental conditions.

3.3. Pre-Treatment of Urine Samples

The urine samples were allowed to thaw and reach room temperature. The samples were vortexed
for a few seconds, centrifuged for 10 min at 4500 rpm (Hermle Z 300, Germany) and the supernatants
were collected. Afterwards, an acid hydrolysis was performed in order to obtain free KET or NKET
from its corresponding conjugates, in accordance with the literature [15]. Therefore, 500 μL of the urine
supernatants were pipetted into the microextraction vials already present in the HT-BAμE apparatus
and 150 μL of HCOOH 10% (v/v) were added. Afterwards, the samples were heated to 40 ◦C for 1 h.
After the samples were allowed to thaw and reach room temperature, 350 μL of phosphate buffer
(75 mmol L−1, pH 11.0) and 57.5 μL of NaOH solution (10 mol L−1) were added in order to maintain
pH 11.0. Finally, the vials were submitted to HT-BAμE-μLD analytical procedure.

The human urine samples were collected from voluntary donors with their informed consent.

3.4. HT-BAμE-μLD Methodology

After the pre-treatment step, the vials containing the samples were placed into the HT-BAμE
apparatus, following a similar procedure already published but with a few alterations [17]. In the
particular case, the BAμE devices were coated with NVP-DVB coating phase, the microextraction
procedure was performed in an orbital shaker (Janke & Kunkel IKA-VIBRAX-VXR, Staufen, Germany)
for 30 min at 1800 rpm, the microliquid desorption step was performed through cavitation
(42 +/− 2.5 kHz, 100 W, Branson 3510, Carouge, Switzerland) for 15 min using 100 μL of the MeOH
containing 1.0 mg L−1 of IS.

3.5. Validation of HT-BAμE-μLD/LVI-GC-MS(SIM) Methodology

Method validation was performed in accordance to similar reported analytical approaches [13,17].
The following parameters were studied: selectivity, linearity, sensitivity, accuracy and precision,
as well as recovery and matrix effects. All validation assays were performed in triplicate, except when
specified otherwise.

Sensitivity was assessed through the LOD and LLOQ. The former was calculated using a
signal-to-noise ratio (S/N) of 3/1. The latter was determined as the lowest concentration values that
was within acceptable accuracy and precision levels, i.e., the lowest calibration level.

The calibration plots (n = 10) were calculated using spiked blank urine samples ranging from
5.0 to 1000.0 μg L−1. The linearity was estimated using lack-of-fit test, as well as by checking the
respective determination coefficients (r2) and residual plots.

Accuracy and precision were evaluated using quality control urine samples (QC) spiked with 5.0,
50.0, 200.0 and 1000.0 μg L−1. Inter-day precision and accuracy were evaluated in three consecutive
days. Precision was expressed as the RSDs (%) of the six assays for one day and eighteen assays for
three consecutive days. Accuracy followed the same procedure but calculated as relative residuals
(RRs) and was expressed as percent of the nominal concentration (%). The acceptance criterion for
accuracy and precision was that RRs and RSDs should be ≤ 15.0%.

Matrix effect and average recovery assays were also determined concomitantly (n = 6).
Average recovery yields were calculated as the ratio between the mean relative peak areas of the
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analytes obtained from QC before microextraction and samples spiked after microextraction using
four concentration levels (5.0, 50.0, 200.0 and 1000.0 μg L−1). Matrix effect was expressed as the ratio
between the mean relative peak area obtained from QC spiked after microextraction and neat standard
solutions at those same concentrations. Additionally, the RSDs of these two parameters were calculated
to evaluate the variations that might arise from the matrix samples originating from different sources.

4. Conclusions

The methodology (HT-BAμE-μLD/LVI-GC-MS(SIM)) proposed in the present study, was fully
optimized and validated to monitor KET and NKET in urine matrices. The proposed analytical
cycle allowed to attain suitable analytical performance under optimized experimental conditions,
including recovery, matrix effects, precision, accuracy, selectivity, sensibility and linear dynamic ranges.
In addition to being user friendly, the proposed approach is environmentally friendly and cost-effective,
once it takes into account the green analytical chemistry principles, i.e., uses only 100 μL of desorption
solvent and 0.5 mL of urine sample per assay, does not require a derivatization step, and minimizes the
overall time for the analytical procedure.

This analytical approach has the possibility of performing the microextractions and subsequent
desorption of up to 100 samples in a single apparatus in just 45 min. This resulted in an average sample
preparation time of 0.45 min/sample.

To our knowledge, this is the first work that employs a high throughput based microextraction
approach for the simultaneous extraction and subsequent desorption of KET and NKET in up to
100 urine samples simultaneously.
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Abstract: One of the most challenging goals in modern pharmaceutical research is to develop models
that can predict drugs’ behavior, particularly permeability in human tissues. Since the permeability is
closely related to the molecular properties, numerous characteristics are necessary in order to develop
a reliable predictive tool. The present study attempts to decode the permeability by correlating
the apparent permeability coefficient (Papp) of 33 steroids with their properties (physicochemical
and structural). The Papp of the molecules was determined by in vitro experiments and the results
were plotted as Y variable on a Partial Least Squares (PLS) model, while 37 pharmacokinetic and
structural properties were used as X descriptors. The developed model was subjected to internal
validation and it tends to be robust with good predictive potential (R2Y = 0.902, RMSEE = 0.00265379,
Q2Y = 0.722, RMSEP = 0.0077). Based on the results specific properties (logS, logP, logD, PSA and
VDss) were proved to be more important than others in terms of drugs Papp. The models can be
utilized to predict the permeability of a new candidate drug avoiding needless animal experiments,
as well as time and material consuming experiments.

Keywords: steroids; Partial Least Squares regression; in vitro permeability; predictive model

1. Introduction

Steroids are an important category of active pharmaceutical ingredients (APIs). Their structure is
characterized by a rigid steroid ring of cyclopentane-perhydro-phenanthrene or sterane [1]. Steroids
are small lipophilic molecules and based on their genomic characteristics, they can enter the target cell
by a passive diffusion mechanism (mainly by the transcellular route) across plasma membranes [2,3].
As they are derived from cholesterol, they are insoluble in water, and have many pharmacologic effects
in almost every major system of the body including the endocrine, cardiovascular, musculoskeletal,
nervous, and immune systems [4]. Due to their properties they can be administrated almost through
every available administration route such as oral [5], buccal [6,7], transdermal [8], vaginal [9], otic [10],
ocular [11], nasal [12], inhalation [13], intravenous [14].

A candidate drug should have appropriate physicochemical and pharmacological properties in
order to successfully pass the pre-clinical and clinical trials. Such compound, must exhibit acceptable
pharmacokinetic scheme in terms of absorption, distribution, metabolism, excretion and tolerable
toxicity (ADMET). The simultaneous optimization of the above processes is one of the main challenges
of current pharmacological research [15–17]. Unfortunately, these methods are laborious and extremely
time-consuming, and they typically require 10–13 years [18,19].

Nowadays, there is a huge number of new candidate drugs that are designed and synthesized in
the laboratory. In order to minimize the consumed cost and time, the pharmacokinetic behavior of
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the compound can be predicted using computational tools (e.g., cheminformatics) providing reliable
pharmacokinetic models [15].

Quantitative structure activity/property relationship (QSAR/QSPR) studies correlate the
physicochemical properties of a compound to biological activity [16]. Such studies have been
extensively used for developing predictive models in which the chemical structures and biological
properties are correlated. Alternately, such data could be obtained through in vitro, ex vivo and in vivo
experiments [15].

Due to development of cheminformatics, there are plenty of QSAR modeling techniques, such as
support vector machine (SVM), artificial neural networks (ANNs), multiple linear regression (MLR),
principal component analysis (PCA) and partial least squares (PLS) regression [15]. The PLS method
provides the possibility for linear correlation of numerous observations and multiple X variables with
one or more Y variables [17].

Generally, PLS is a rapid and effective method for developing robust and reliable QSAR models.
It has been widely used for the design of plenty of predictive patterns, such as for the placental-barrier
permeability [18], blood–brain-barrier permeability from simulated chromatographic conditions [19],
central nervous system (CNS) drug exposure [20], blood–brain barrier permeation of α-adrenergic
and imidazoline receptor ligands using the parallel artificial membrane permeability assay (PAMPA)
technique [21]. Additionally, PLS tool was used to discover potent Wee1 inhibitors [22], to evaluate
2-cyano-pyrimidine analogs as cathepsin-K inhibitors [23] and also to characterize the performance of
dry powder inhalers [24].

The main scope of this research is to develop a new model that would be able to predict the
permeability of a compound having the chemical structure of steroids. This approach is based on the
correlation of its characteristics (physicochemical and structural properties) with the permeability of the
molecule determined by in vitro experiments. In the present study the permeability of 33 steroids has
been investigated using vertical Franz type diffusion cells including a synthetic cellulose membrane as
model membrane [25]. Due to low water solubility of steroids, solubility enhancers (e.g., Polyethylene
Glycol and Polysorbate 80) were used in order to achieve the desirable concentration for each compound.
The obtained experimental results were treated using the Partial Least Squares (PLS) methodology.
The developed models were validated and were found to be statistically significant with good
predictive ability.

2. Results

2.1. Partial Least Squares (PLS) Methodology

2.1.1. Dataset Compilation

The present study involves the data processing of the derived experimental results using the PLS
methodology. A Soft Independent Modeling of Class Analogies Simca-P (version 9; Umetrics, Uppsala,
Sweden) [26,27] chemometric software was used to construct the classical PLS models.

The object of the research was to investigate the effect of several properties of steroids on their
permeability at a hydrophilic cellulose membrane. The number of models developed in this process
was five since the Y response variable was either calculated differently, or refers to four separate
sampling times, after the first hour of the experiments. Therefore, P2h, P4h, P6h, P8h models denote
the number of steroids permeating the artificial membrane at 2 h, 4 h, 6 h and 8 h, respectively
(Y variable: permeability μg/cm2), whereas model Papp expresses the (Y) variable calculated as the
apparent permeability factor. In the present study, the theoretical explanation of steroids permeability
was mainly based on model Papp, which is considered as the most important. Each of the five models
contained 32 observations (analytes which belong to steroids) with 46 X variables and one Y variable.
The large amount of X variables used was considered necessary, even though some of them were
proved to be of minor interest. In order to implement the proposed models, it was rather important
to carefully collect and record some of their most important properties and structural characteristics.
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Each dataset consists of three parts. The first is the column containing the observations (33 analytes).
The second is the main part of each dataset and it is populated by a few physicochemical and structural
characteristics of the analytes. There are 37 descriptors (physicochemical properties), which were
calculated using a series of different software or free online databases (Table 1).

Table 1. X Descriptors of Dataset.

Open Melting
Point Dataset

EPA
DSSTox

Data Warrior ACD/Labs Marvin PubChem pkCSM

Melting Point 1_cLogP 2_logP 3_logP Topological
PSA MW

1_cLogS logD, pH 7.4 2_logS 4_LogP
Hydrogen Bond

Acceptors
Refractivity

index
pKa (Strongest

Acidic) 3_logS

Hydrogen Bond Donors Molar
Refractivity

pKa (Strongest
Basic) Double bonds

Aromatic Rings PSA HLB Rotatable Bonds
Carboxyl group Polarizability No of Rings Surface Area

Carbonyl group Molar
Volume Caco2 Permeability

Hydroxyl group Intestinal absorption
Total Surface Area log Kp

Relative PSA VDss
PSA log BB

Shape Index logPS
Molecular Complexity Total Clearance
Molecular Flexibility

Drug-likeness

In more details, the studied compounds were imported in the free cheminformatics program Data
Warrior [28], in order to predict the clogP (calculated partition coefficient, log(Coctanol/Cwater)), the clogS
(water solubility at 25 ◦C, log mol/L), the number of hydrogen bond acceptors and donors, the number of
aromatic rings, carboxyl groups, carbonyl groups, hydroxyl groups, also the molecular complexity, the
total surface area (Å2), the relative polar surface area (Å2), the polar surface area—PSA (Å2), the shape
index, the molecular flexibility and the drug-likeness. Descriptors related with the pharmacokinetic
properties of the compounds were calculated by inserting the simplified molecular-input line-entry
system (SMILES) of the drugs in the freely accessible web server pkCSM [29]. The pharmacokinetic
properties employed were Caco2 permeability (log Papp), intestinal absorption (% absorption), skin
permeability (log Kp), steady state of volume distribution (VDss, log L/kg), blood-brain barrier (BBB)
permeability (logBB), CNS permeability (logPS), and total clearance (log mL/min/kg).

The melting point, ◦C of the compounds was obtained from Open Melting Point Dataset [30]
and also from EPA DSSTox [31]. The topological polar surface area (Å2) [32] was also predicted from
PubChem data [33]. Moreover, Marvin, a free ChemAxon tool [34] was used in order to draw and
characterize chemical structures of the compounds for the calculation of pKa, logP, number of rings,
distribution coefficient (logD) at pH 7.4 and their water solubility at 25 ◦C (logS, log mol/L). Details
about the molar volume Vm (cm3), molar refractivity (cm3), PSA (Å2), polarizability (cm3), molar
volume (cm3) were obtained via ACD/Labs [35]. All the above descriptors represented the X variables
of the model developed and they are summarized in Table 1.

It is important to mention that some descriptors (e.g., logP) were calculated using more than one
software program since there was a need to confirm their dominant role in the model. The structural
features were found in the constitutional parameters and are outlined with nine descriptors used to
decode the chemical structure of the analytes on the same basis. This was achieved by using integer
numbers and zero to indicate the presence, the multiplicity or the absence of a structural characteristic.

The third part of the PLS dataset is a column with Y variable that corresponds to the calculated
permeability of the drugs on Franz cells experiments. The Y variable is expressed as apparent
permeability Papp, or permeability P2h. P4h. P6h. P8h at different sampling times (2h, 4h, 6h, 8h).

Variables’ Importance in the Projection (VIP) column plots provide information about the
importance of the parameters in the dataset. However, apart from the importance of a descriptor in
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a model, it is crucial to know whether its impact on the signal response is positive or negative. For this
purpose, it was necessary to evaluate the loadings plots (w × c[1]/w × c[2]) of the models at the first
two components.

2.1.2. Validation

Normalization of the observations (values of both X and Y variables) was achieved using mean
centering and unit variance scaling. Validation of the PLS models was performed making use of three
techniques, Cross-Validation (CV) the external and the internal validation [26,36].

First, the Cross Validation (CV) was achieved by dividing data into seven parts and each 1/7th of
samples was excluded to build a model with the remaining 6/7th of samples. The Y values for the
excluded data were then predicted by this new model and the procedure was repeated until all samples
had been predicted once. If the original model is valid, then the plot of predicted Y versus actual
measured Y values will be a straight line with the RMSEE (Root Mean Squares Error of Estimation) as
low as possible (Figure 1) and calculated from Equation (1).

RMSEE =

√∑
(
∧
yi − yi)

2

N
(1)

(ŷi represents the estimated Papp value for the ith object and yi the reference Papp value)

Figure 1. Observed versus estimated values of model Papp with apparent permeability values as (Y)
variable, RMSEE = 0.00265379.

The prediction error sum of squares (PRESS) is a good measure of the predictive power of the
model, providing information about the significance of the component (a component is considered
significant when PRESS/Residual sum of squares < 1). Using the appropriate number of significant
components, the total models were fit (Table 2) according to Haaland and Thomas criteria [37].

Table 2. Statistical Parameters in Partial Least Squares (PLS) regression models.

Models R2Y 1 Q2 (cum) 2 Number of Components Excluded Observations

Papp 0.902 0.722 3 3
P2h 0.802 0.567 3 1
P4h 0.847 0.656 3 2
P6h 0.846 0.659 3 2
P8h 0.872 0.605 3 3

1 R2 =
∑N

i=1 (ŷi − yi)
2/
∑N

i=1 (yi − ȳi)
2 (ȳi represents the means of the true Papp values in the predictor set).

2 Q2 = 1−PRESS
SumSquares .

Verification of the reliability of the models was also achieved with the response permutation
methodology (internal validation). During this process, the data for Y are not changed but they are
randomly rearranged. Then the PLS model is applied again on the modified Y data and the R2Y
and Q2Y values are recalculated. The above are compared with the initial values providing a first
indication about the validity of the model. This process is repeated (20 permutations/model) and the
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results represent the statistical evaluation of the significance of the R2Y and Q2Y parameters in the
initial model. In the diagram derived, the y-axis represents the R2Y/Q2Y values of all models and the
x-axis represents the correlation coefficient between the modified and initial responses. In order to
summarize the results of the method, regression analysis is applied on both R2Y and Q2Y and the
regression lines are obtained. Verification of statistical significance of the original assessments is in
accordance with the intercept limits regarding permutations (Figure 2) and they are set to R2Y < 0.3−0.4
and Q2Y < 0.05 [38].

Figure 2. Internal validation test with 20 permutations, for model Papp. Intercepts: R2 = (0.0, 0.405)
marked black, Q2 = (0.0, −0.32) marked red.

External validation was performed dividing data set of model Papp in two equal parts training
and test set. Thereafter, the calculation of the training set and the prediction of the test were completed,
and their roles were swapped. The quality of external prediction was assessed by the Q2 (Q2

train =

75.4, Q2
test = 71.5) and the Root Mean Square Error of Prediction (RMSEP) from Equation (2) value,

where RMSEP was equal to 0.00770361 for the training set and 0.00764925 for the test set, respectively.

RMSEP =

√∑
(obs− pred)2

N
(2)

The fact that the two estimates are similar means that these two subsets have similar information
and can be combined in a total data set. External prediction may also aim the model to predict the
Y values of new entities, in other words, entities excluded from the data set. Hence, the model is
applicable either to interpret the behavior of a steroid based on its physicochemical properties or to
predict the behavior of an unknown drug in the human body. PLS regression analysis is appropriate
since it uses linear correlations and at the same time can predict with high reliability.

2.2. Interpretation of Steroids Permeability Through PLS

The permeability of a group of steroids across an artificial membrane was estimated using
a hydrophilic cellulose membrane and the apparent permeability coefficient values were calculated.
The mainly PLS model Papp was established using 32 compounds and a 47-descriptor analysis aimed at
identification of the most critical molecular properties that influence permeability across the artificial
membrane. According to the VIP plot of Papp model (Figure 3) logS, logP, logD (at pH 5.5 and 7.4),
PSA (topological and relative) and VDss were found to be the most influential descriptors (VIP > 1)
on the apparent permeability of the tested steroids through the cellulose membrane. All the other
descriptors were found to have a similar and non-discriminating effect on the permeability of the
tested compounds (VIP < 1).
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Figure 3. Variables’ Importance in the Projection (VIP) plot for the apparent permeability P values of
model P, at 95% confidence level.

Further information on the positive or negative effect of the X variables on the permeability is
derived from scatter w × c[1] versus w × c[2] plot for Papp model in Figure 4.

Figure 4. A scatter w × c[1] versus w × c[2] plot for Papp model.

Drug dissolution is almost always a precondition for adequate permeability and absorption and,
therefore, poor aqueous solubility is commonly associated with limited drug bioavailability [39]. It
has been also exemplified that poor solubility may originate from high lipophilicity, resulting in poor
permeability [40]. Compliant to this consensus, the findings of the current study support the positive
contribution of logS (marked red in Table 3) and the respective negative effect of logP (marked blue in
Table 3) on the Papp of the tested steroids.
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Table 3. Models’ VIP values.

Models’ VIP Values

P2h P4h P6h P8h

Var ID
(Primary)

M2.VIP[3]
Var ID

(Primary)
M3.VIP[3]

Var ID
(Primary)

M3.VIP[3]
Var ID

(Primary)
M3.VIP[3]

Total Clearance 1.62825 1_cLogS 1 1.41597 1_cLogS 1.48033 1_cLogS 1.47640

Shape Index 2 1.45142 Shape Index 1.31645 logD, pH 5.5 3 1.19879 No. of triple
bonds 1.27167

Molar Volume 1.27798 Molar Volume 1.21737 3_logP 1.19154 Chlorine 1.22264
cMelting Point 1.25731 cMelting Point 1.18929 3_logS 1.18122 3_logS 1.18501

Refractivity
index 1.21565 Molar

Refractivity 1.15522 2_logS 1.17849 3_logP 1.17937

1_cLogS 1.21432 logD, pH 5.5 1.15097 Molar Volume 1.17612 Molar Volume 1.17567
Molar

Refractivity 1.19812 3_logS 1.15097 Drug-likeness 1.16409 Drug-likeness 1.17289

Polarizability 1.17929 Polarizability 1.14560 cMelting Point 1.14712 Fluoride 1.16495
Total Surface

Area 1.15973 2_logS 1.14311 Chlorine 1.13175 logD, pH 5.5 1.16166

No of triple
bonds 1.14692 Chlorine 1.14308 Fluoride 1.12684 2_logS 1.15902

2_logS 1.12114 carboxylate
group 1.13474 Molar

Refractivity 1.12456 cMelting Point 1.13450

carboxylate
group 1.11557 No of triple

bonds 1.12947 Polarizability 1.11544 Molar
Refractivity 1.11508

MW 1.09348 Fluoride 1.12462 1_cLogP 1.11174 Polarizability 1.10855

H-Donors 1.09223 Total Surface
Area 1.12262 logD, pH 7.4 1.10117 Refractivity

index 1.10584

Chlorine 1.08855 3_logP 1.12234 No of triple
bonds 1.09925 Total Surface

Area 1.08631

3_logS 1.07715 Refractivity
index 1.10689 Total Surface

Area 1.09019 1_cLogP 1.08316

logD, pH 5.5 1.05540 exper_Melting
Point 1.07645 4_LogP 1.08878 hydroxyl group 1.07759

Rotatable Bonds 1.05147 MW 1.06777 Refractivity
index 1.08517 4_LogP 1.06769

Surface Area 1.04603 H-Donors 1.05761 2_logP 1.08068 H-Donors 1.06767
exper_Melting

Point 1.03503 logD, pH 7.4 1.05533 hydroxyl group 1.06590 logD, pH 7.4 1.06241

hydroxyl group 1.03056 1_cLogP 1.05320 H-Donors 1.06502 2_logP 1.0599

logD, pH 7.4 1.00956 hydroxyl group 1.04762 MW 1.04701 exper_Melting
Point 1.05272

3_logP 0.97296 2_logP 1.04431 exper_Melting
Point 1.03706 MW 1.04095

Caco2
Permeability 0.96943 Surface Area 1.04168 carboxylate

group 1.03300 Surface Area 1.02086

4_LogP 0.96517 4_LogP 1.03678 Surface Area 1.02096 Shape Index 0.99368
1_cLogP 0.95059 Druglikeness 1.01070 Shape Index 0.99572 Relative PSA 0.98728

2_logP 0.93301 Rotatable Bonds 0.98079 Relative PSA 0.98111 carboxylate
group 0.97549

H-Acceptors 0.88952 Caco2
Permeability 0.96573 Caco2

Permeability 0.96947 Rotatable Bonds 0.95868

1 red indicates positive contribution, 2 green indicates size related descriptors, 3 blue indicates negative contribution.

PSA has been recently recognized as a useful predictor of permeability. It defines the polar part of
a molecule and correlates with passive molecular transport through membranes. It has been previously
observed that compounds with PSA < 60 Å are highly permeable, in contrast to those with PSA >
120 Å that are poorly permeable [41]. In that context, optimal permeability has been recognized when
PSA is below 120 Å. Apart from prednisolone 21-sodium succinate (PSA = 141 Å), which has been
classified as an outlier, PSA values for all steroids evaluated in the present study were below the cutoff
value (PSA < 110 Å) suggested for the identification of poorly permeable compounds. Even though it’s
been recognized that lower PSA contributes to higher permeability [41], that trend was not confirmed
here, mainly due to the absence of extreme variations in the PSA values and considering the relatively
narrow range of PSA for the tested steroids.

Lipophilicity is considered one of the main factors with a positive effect on drug permeation
across biological membranes. However, an inverse relationship between logP and permeability may be
encountered upon increasing drug lipophilicity, due to a greater tendency for drug partitioning from the
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aqueous phase to the membrane [42]. It has been previously proposed that steroid permeation through
a cellulose acetate membrane is a sequence of adsorption and desorption events with an intermittent
membrane diffusion process, with the latter being dependent on the permeant’s molecular size, its
interaction with the membrane and the membrane’s structural characteristics [43]. Such interaction
might be favored with decrease in steroid polarity because, despite its hydrophilic nature, cellulose
acetate remains more hydrophobic relative to the water [43]. Even though molecular size and
polarity (with the latter being typically expressed as PSA or H-donors and acceptors) have been
adversely associated with drug permeation [44,45], a positive correlation between steroids’ polarity
and permeability has been previously recognized. In particular, among three oestrogens of similar
molecular size and distinctive polarities, an increase in permeability was observed with decreasing
steroid-membrane interactions [46]. An inverse correlation between clogP and steroid permeability
across Caco-2 cell monolayers was also recognized by Faasen et al., [47]. The results demonstrated
a faster diffusion of the more hydrophilic steroids across the cell monolayers compared to the more
hydrophobic ones. These findings coincide with the findings of the current study, concluding that
steroids with lower logP gravitate towards a higher permeability.

Volume of distribution at steady state (VDss) is rendered as a solid indicator of drug distribution
in the body reflecting its ability to permeate membranes and bind in tissues. Certain criteria have been
defined to discriminate between drugs with high and low VDss. LogP has been shown to be a significant
determinant of VDss, which along with the presence of Cl atoms and molecule compactness, have
a positive contribution on this descriptor, while polarity and strong electrophiles have a negative
contribution on VDss [48]. High VDss values (> 42 L), representative of more lipophilic drugs, indicate
a high likeliness of drug distribution throughout body tissues, whereas low VDss values (< 3 L)
associate with a predominant location in the systemic circulation [49]. According to the findings of
the current study, a negative correlation between Papp and VDss was obtained, which aligns with the
positive correlation between logP and VDss also observed in the present study.

Among the steroids evaluated, 4-chlorotestosterone demonstrated the lowest and prednisone and
prednisolone the highest Papp value. As illustrated in Figure 5a, the presence of the Cl atom seems
to be the most determinant descriptor affecting Papp of 4-chlorotestosterone. The chlorine atom as
substituent in a molecule has been shown to increase its lipophilicity [19,50]. This positive contribution
of Cl atoms to logP justifies the decrease in the apparent permeability of 4-chlorotestosterone, due to
the negative correlation between logP and Papp, as already demonstrated in the present study. On the
other hand, for both steroids showing the highest Papp, a combination of the same descriptors (logP
and logS) was identified to be the most discriminative (Figure 5b,c). The steroids with the highest
aqueous solubility and the lowest lipophilicity tend to diffuse faster across the cellulose membrane,
compared to the most hydrophobic and less soluble steroids, which tend to a lower permeability.
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Figure 5. Contribution score plot of (a) 4-chlorotestosterone, (b) prednisolone and (c) prednisone,
versus the remaining observations.

Additionally, androstanolone was considered as outlier during the first 4 h of the in vitro
permeability study, showing significantly higher Papp values compared to the rest of the tested steroids.
Based on its contribution plot at both 2 h and 4 h, it is evident that a combination of parameters related
to the molecular size of androstanolone (number of double bonds, shape index, molar refractivity,
polarizability, MW) are lower than the respective average values of the tested compounds, whereas
pKa was found to be higher compared to the average pKa values of the tested steroids. Since all
steroids remain unionized in the pH used in the current study, the contribution of pKa to Papp may be
considered negligible. On the other hand, results signify the importance of molecular size on Papp with
an inverse relationship existing between the two.

As already mentioned, drug diffusion across membranes consists of a series of events including
drug transfer from the hydrophilic aqueous environment of the donor compartment, through the
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more hydrophobic (relative to the water) membrane to the hydrophilic aqueous environment of the
receptor compartment. The ease of drug diffusion may be explained by elucidating the most significant
parameters affecting drug permeability in a time-dependent manner. As seen in Table 3, the most
critical descriptors affecting the amount of drug permeated at 2 h mainly relate to the molecular size
of the permeants including shape index, MW and molar volume which is also directly related to the
refractivity index and polarizability of the steroids tested [19], all the above are marked green in Table 3.

All these parameters contribute negatively to drug permeation, which could translate to hindering
drug diffusion to the receptor phase and, instead, increasing their retention and affinity towards the
membrane. This trend seems to change with time, with logS (red marked on Table 3) and logP (blue
marked on Table 3) being the dominant descriptors affecting drug permeation thereafter.

The utility of in silico models in predicting drug permeability across biological membranes has
been recognized as a time- and cost-efficient tool to facilitate drug discovery and development. The PLS
model has been previously employed to identify the most critical molecular parameters affecting the
permeability and retention of 17b-carboxamide steroids across an artificial membrane (parallel artificial
membrane permeability assay (PAMPA)), as a means to predict their permeability across human
skin [41]. In another study, Zhang et al., (2015) confirmed the good predictability of the PLS model,
highlighting its potential utility as a high-throughput screening tool of placental drug permeability [18].
PLS and the genetic algorithm-PLS method have also been found appropriate in identifying the optimal
subset of descriptors that have a significant contribution on drugs’ permeability across Caco-2 cell
monolayers [51], as well as on in vivo human drug intestinal permeability [52].

The present study is initially considered to be a reliable tool for the development of a theoretical
background that will explain the permeability of steroids to biological membranes. In addition,
the remarkable ability of PLS models to predict the behavior of drugs increases the usefulness of the
proposed technique in designing new more effective steroids.

3. Materials and Methods

3.1. Reagents, Materials, Solutions

Acetonitrile (ACN) and water (HPLC grade) were purchased from VWR Chemicals (Radnor,
USA), and Sigma-Aldrich (Darmstadt, Germany) respectively. For LC-MS analyses, water and ACN
were both LC-MS gradient grade and provided by Sigma-Aldrich (Darmstadt, Germany).

Phosphate buffer saline (PBS) pH 7.4 was prepared by dissolving sodium chloride (8.0 g),
sodium phosphate dibasic (1.44 g), and potassium phosphate monobasic (0.24 g), (Merck, Darmstadt,
Germany) and potassium chloride (0.20 g) (Chem-Lab nv, Zedelgem, Belgium) in 1 L of distilled water.
Polyethylene glycol (PEG 200) obtained by Sigma-Aldrich (Darmstadt, Germany) and polysorbate 80
(tween 80) provided by ManisChemicals (Athens, Greece).

The dialysis tubing cellulose membrane (flat width 43 mm) was obtained from Sigma-Aldrich
(Darmstadt, Germany). The corticosteroids substances (Table 4) were United Stated
Pharmacopeia—USP grade and were obtained from Sigma-Aldrich (Darmstadt, Germany).
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Table 4. Structures of studied compounds.

Steroids Structures

Compound
Double
Bonds

C2 C3 C4 C5 C7 C9 C10 C11 C13 C16 C17

17a-hydroxyprogesterone COMP 1 4 = 5 CH3 CH3 COCH3, OH
4-chlorotestosterone COMP 2 4 = 5 =O Cl CH3 CH3 OCOCH3

Androstanolone COMP 3 CH3 CH3 OH
Betamethasone
dipropionate COMP 4 1 = 2,

4 = 5 =O F CH3 OH CH3 CH3 COCH2 OCOC2H5, OCOC2H5

Betamethasone valerate COMP 5 1 = 2,
4 = 5 =O F CH3 OH CH3 CH3 COCH2OH, OCOC4H9

Budesonide COMP 6 1 = 2,
4 = 5 =O CH3 OH a a, COCCH2OH

Cortisone acetate COMP 7 4 = 5 =O CH3 =O CH3 COCH2OCOCH3, OH
Dehydro-isoandrosterone COMP 8 5 = 6 OH CH3 CH3 =O

Deoxycorticosterone
acetate COMP 9 4 = 5 =O CH3 CH3 COCH2OCOCH3

Dexamethasone COMP 10 1 = 2,
4 = 5 =O F CH3 OH CH3 CH3 CCOCH2OH, OH

D-norgestrel COMP 11 4 = 5 =O CH2CH3 C≡CH, OH

Estriol COMP 12
1 = 2,
3 = 4,
5 = 10

OH OH OH

Estrone COMP 13
2 = 3,
4 = 5,
10 = 1

OH CH3 =O

Ethinylestradiol COMP 14
1 = 2,
3 = 4,
5 = 10

OH CH3 C≡CH, OH

Ethisterone COMP 15 4 = 5 =O CH3 CH3 C≡CH, OH
Fludrocortisone acetate COMP 16 4 = 5 =O F CH3 OH CH3 COCH 2OCOCH3, OH

Formebolone COMP 17 1 = 2,
4 = 5 CHO =O CH3 OH CH3 CH3, OH

Hydrocortisone COMP 18 4 = 5 =O CH3 OH CH3 COCH2OH, OH
Hydrocortisone acetate COMP 19 4 = 5 =O CH3 OH CH3 COCH2OCOCH3, OH
Medroxyprogesterone

acetate COMP 20 4 = 5 =O CH3 CH3 CH3 OCOCH3, COCH3

Methandriol COMP 21 5 = 6 OH CH3, OH
Methyl testosterone COMP 22 4 = 5 =O CH3 CH3 CH3, OH

Norethisterone COMP 23 4 = 5 =O CH3 C≡CH, OH

Prednisolone COMP 24 1 = 2,
4 = 5 =O CH3 OH CH3 COCH2OH, OH

Prednisolone
21-sodium succinate COMP 25 1 = 2,

4 = 5 =O CH3 OH CH3
COCH2OCOCH2CH2OCOH,

OH

Prednisolone acetate COMP 26 1 = 2,
4 = 5 =O CH3 OH CH3 COCH2OCOCH3, OH

Prednisone COMP 27 1 = 2,
4 = 5 =O CH3 =O CH3 COCH2OH, OH

Progesterone COMP 28 4 = 5 =O CH3 CH3 COCH3
Spironolactone COMP 29 4 = 5 =O SCOCH3 CH3 CH3 b

Testosterone COMP 30 4 = 5 =O CH3 CH3 OH
Testosterone acetate COMP 31 4 = 5 =O CH3 CH3 OCOCH3

Testosterone propionate COMP 32 4 = 5 =O CH3 CH3 OCOC2H5
trans-Androsterone COMP 33 OH CH3 CH3 =O

sterane a

b

3.2. Methods

3.2.1. Solubility Study

Solubility studies were carried out for the most lipophilic corticosteroid based on its logS value,
obtained from Marvin (COMP 9, logS = −5.79, 25 ◦C). The study was conducted in PBS (pH 7.4) in the
presence of polyethylene glycol 200 (PEG 200) and polysobrate 80 (Tween80) used as co-solvents at
different ratios, owing the ability to enhance the water solubility of lipophilic drugs. In detail, an excess
amount of the drug was added in the above-mentioned solvent mixtures and sonicated for 1 h at
30 ◦C. Then, the mixtures were kept under mild agitation for 48 h at room temperature to facilitate
the dissolution. Any visible remaining drug particulates were removed by centrifugation at 2000× g
for 20 min. The supernatants were quantified by HPLC analysis using the conditions described in

139



Molecules 2020, 25, 1387

Table 5. Based on the results of the solubility study, PBS, 40 % (w/w) PEG 200 and 0.2 % (w/w) Tween 80
was used as the solvent mixture. The same procedure was followed for all compounds in this solvent
mixture and a final concentration of 100 μg/mL was selected for the in vitro permeation studies.

Table 5. Chromatographic Conditions.

Compound Detector Flow (mL/min) Retention Factor (k’) λ (nm) Quantification Ion 2 (m/z)

COMP 1 DAD 1 0.3 1.11 240 -
COMP 2 MS 3 0.5 4.67 - 365 [(M+CH3CN)+H]+

COMP 3 MS 0.5 4.06 - 332 [(M+CH3CN)+H]+

COMP 4 DAD 0.3 2.18 240 -
COMP 5 DAD 0.5 1.45 240 -
COMP 6 DAD 0.5 1.93 240 -
COMP 7 DAD 0.4 3.05 240 -
COMP 8 DAD 0.4 2.55 230 -
COMP 9 DAD 0.4 2.43 240 -
COMP 10 DAD 0.4 2.46 240 -
COMP 11 DAD 0.4 3.34 240 -
COMP 12 DAD 0.5 1.49 205 -
COMP 13 DAD 0.5 3.98 205 -
COMP 14 DAD 0.4 0.92 240 -
COMP 15 DAD 0.3 2.56 205 -
COMP 16 DAD 0.4 3.12 240 -
COMP 17 DAD 0.4 2.58 220 -
COMP 18 DAD 0.3 0.83 240 -
COMP 19 DAD 0.5 0.96 240 -
COMP 20 DAD 0.5 0.74 240 -
COMP 21 MS 0.5 4.76 - 287 [(M-H2O)+H]+

COMP 22 DAD 0.5 0.87 240 -
COMP 23 DAD 0.4 2.48 240 -
COMP 24 DAD 0.4 2.18 240 -
COMP 25 DAD 0.4 3.11 244 -
COMP 26 DAD 0.4 2.43 240 -
COMP 27 DAD 0.4 2.45 240 -
COMP 28 DAD 0.5 0.87 240 -
COMP 29 DAD 0.5 4.04 238 -
COMP 30 DAD 0.5 0.67 240 -
COMP 31 DAD 0.5 1.12 240 -
COMP 32 DAD 0.5 1.66 240 -
COMP 33 MS 0.5 4.50 - 373 [(M+2CH3CN)+H]+

1 DAD: diode array detector, 2 performed at single ion monitoring (SIM) mode, 3 MS: mass spectrometry.

3.2.2. In Vitro Permeation Studies

Cellulose membrane was properly treated and mounted in the Franz diffusion cells (diffusion
area 4.9 cm2, compartment volume 20 mL). The acceptor compartment was filled with PBS pH 7.4
and the donor compartment was filled with 1 mL of the formulation described above (100 μg/mL
of the compounds). Permeation studies were conducted under constant stirring (90 rpm) at 37 ◦C.
Samples of 0.5 mL were withdrawn from the acceptor compartment at predetermined time intervals
(30 min, 1 h, 2 h, 4 h, 6 h, 8 h) and replaced with fresh and preheated PBS. Experiments were repeated in
triplicates for each compound and blank experiments containing only the medium were also performed.
The samples were analyzed by HPLC without any previous pretreatment.

Steady state flux (Jss) was calculated from the slope of the linear section of the plot of the amount
of permeated compound per unit area (μg/cm2) against to time. The apparent permeability coefficient
(Papp) was calculated using Equation (3), where Cd is the initial concentration of the drug in the donor
compartment and Jss is the steady state flux.

Papp =
Jss

Cd
(3)
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3.2.3. HPLC Experimental Conditions/Method Validation

The drug content was quantified using either the HPLC-UV (High-performance Liquid
Chromatography–Ultraviolet) or LC-MS (Liquid Chromatography–Mass Spectrometry) instrument.
The HPLC-UV setup was equipped with two LC-20AD pumps, a SIL-20AC HT auto-sampler,
a CTO-20AC column oven and an SPD-M20A diode array detector (Shimadzu). For LC-MS analysis,
a Shimadzu LC-MS 2020 single-quadrupole mass spectrometer with an electrospray ion source (ESI)
was utilized. A nitrogen gas generator N2LCMS (Nitrogen Generator, Claind) was used throughout in
this study. The temperature of the curved dessolvation line was set at 250 ◦C, the N2 nebulizer gas flow
was maintained at 1.5 L/min and the drying gas flow was set at 15 L/min, while the interface voltage
was set at 4.5 kV in positive mode. The analytical column temperature was kept constant at 30 ◦C.
The stationary phase was a C18 column (4.6 × 50 mm, 2.5 μm, Shimadzu). The sample injection volume
was 5 μL in all cases. The mobile phase was a binary mixture of acetonitrile and water at appropriate
ratio for each compound in order to avoid the prolonged analysis time. The HPLC-UV and LC-MS
experimental conditions used for the analysis of each compound are described in Table 5.

Both the HPLC-UV and LC-MS methods were validated in-house according to ICH (International
Conference Harmonization) guidelines [53]. The calibration curves for each compound was linear
(r2 > 0.999) in the range of LOQ-20 μg/mL (six calibration levels). Regression analysis, LOD (Limit of
Detection) and LOQ (Limit of Quantification) values were tabulated in Table 6. Samples were analyzed
in triplicate.

Table 6. Analytical figures of merit of HPLC-UV and LC-MS methods.

Compound R 2 Intercept Slope LOD 1 (μg/mL) LOQ 2 (μg/mL)

COMP 1 0.9997 1123 43133 0.01 0.04
COMP 2 0.9947 −5470 38034 0.27 0.90
COMP 3 0.9997 1252 16203 0.05 0.18
COMP 4 0.9997 −9501 28376 0.11 0.38
COMP 5 0.9998 −4479 20526 0.05 0.18
COMP 6 0.9998 552 16428 0.04 0.12
COMP 7 0.9996 −3723 28562 0.03 0.12
COMP 8 0.9997 −993 4454 0.32 1.07
COMP 9 0.9993 −4166 26523 0.02 0.06
COMP 10 0.9990 −11577 13079 0.18 0.60
COMP 11 0.9998 −12551 43421 0.01 0.03
COMP 12 1.0000 −1090 51548 0.07 0.24
COMP 13 0.9996 −3671 51988 0.06 0.19
COMP 14 0.9990 26763 79974 0.01 0.04
COMP 15 1.0000 706 30294 0.01 0.03
COMP 16 0.9999 7399 25115 0.04 0.14
COMP 17 0.9992 12588 45247 0.05 0.18
COMP 18 0.9997 −6597 62213 0.01 0.03
COMP 19 0.9985 26809 19890 0.03 0.10
COMP 20 1.0000 802 37460 0.01 0.05
COMP 21 0.9996 436 10500 0.05 0.16
COMP 22 0.9999 798 25856 0.02 0.05
COMP 23 0.9999 −162 38688 0.01 0.04
COMP 24 0.9999 1568 38840 0.03 0.10
COMP 25 1.0000 −353 13103 0.04 0.12
COMP 26 0.9997 −2111 22329 0.04 0.13
COMP 27 0.9997 −256 26564 0.04 0.14
COMP 28 0.9997 916 32027 0.01 0.04
COMP 29 1.0000 −1564 26756 0.02 0.06
COMP 30 1.0000 3599 113379 0.01 0.03
COMP 31 1.0000 6794 25375 0.01 0.04
COMP 32 1.0000 11227 54069 0.01 0.02
COMP 33 0.9971 −303 5860 0.03 0.10

1 LOD: based on S/N = 3 criteria, 2 LOQ: based on S/N = 10 criteria.
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4. Conclusions

An attempt to describe, experimentally and theoretically, the ability of a drug to permeate human
tissues and be distributed in the body was carried out. For this purpose, five different PLS regression
models were applied, using the permeability factor Papp as Y variable, for a series of steroids/drugs
versus their physicochemical and structural properties (X variables). The determination of Papp factor
was performed by in vitro drug permeability experiments across a cellulose membrane. According to
the VIP values of the Papp model, the two factors with the stronger effect were logS and logP, which are
dominant to the phenomenon with reverse influence. It is also remarkable that the permeability of
steroids is dependent on the effect of numerous parameters and cannot be considered as a result of
a specific factor (physicochemical property or structural feature). Finally, it is worth noting that one of
steroids (4-chlorotestosterone) with chloro-substituted moiety did not penetrate the membrane at all,
which makes it unique.

The PLS model seems to accurately describe this simulation and predict with reliability the
behavior for an unknown drug. Based on such databases, researchers could use the information
provided to predict whether a drug can be distributed in a tissue via passive transfer.
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Abstract: The recent introduction of compact or low-field (LF) NMR spectrometers that use permanent
magnets, giving rise to proton (1H) NMR frequencies between 40 and 80 MHz, have opened up new
areas of application. The two main limitations of the technique are its insensitivity and poor spectral
resolution. However, this study demonstrates that the chemometric treatment of LF 1H NMR spectral
data is suitable for unveiling medicines as adulterants of slimming dietary supplements (DS). To this
aim, 66 DS were analyzed with LF 1H NMR after quick and easy sample preparation. A first PLS-DA
model built with the LF 1H NMR spectra from forty DS belonging to two classes of weight-loss DS
(non-adulterated, and sibutramine or phenolphthalein-adulterated) led to the classification of 13
newly purchased test samples as natural, adulterated or borderline. This classification was further
refined when the model was made from the same 40 DS now considered as representing three classes
of DS (non-adulterated, sibutramine-adulterated, and phenolphthalein-adulterated). The adulterant
(sibutramine or phenolphthalein) was correctly predicted as confirmed by the examination of the
1H NMR spectra. A limitation of the chemometric approach is discussed with the example of two
atypical weight-loss DS containing fluoxetine or raspberry ketone.

Keywords: dietary supplement; adulteration; low-field NMR; multivariate analysis

1. Introduction

Nowadays, the adulteration of dietary supplements (DS) with approved or non-approved
medicines poses a threat to the health of consumers [1]. The adulteration of slimming preparations with
active pharmaceutical ingredients to increase their effects is a widely reported issue [2]. The two most
common adulterants detected in weight-loss preparations are sibutramine and phenolphthalein, alone
or in combination [3–5]. Sibutramine is an anorectic drug that was withdrawn from the market of many
countries (European Union, USA, China, Australia, India . . . ) since 2010 because of cardiovascular
concerns. Phenolphthalein is used for its laxative properties even though it has been removed from
over-the-counter products in the late 1990s due to a carcinogenic risk [6].

Various analytical methods have been proposed for the detection and/or quantification of
undeclared drugs in slimming DS. The most frequently described technique is liquid chromatography
with ultraviolet, diode-array or mass spectrometry detection [7–9]. Other methods including vibrational
spectroscopy [10], gas chromatography [4] or ion exchange chromatography with conductivity detection
have been proposed [11]. High-Field (HF) 1H NMR spectroscopy has also been successfully applied
for detecting and quantifying adulterants in slimming DS [5].
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Low-field (LF) NMR is an emerging technique based on the use of a new generation of
compact NMR [12–14]. A few applications of LF NMR in the pharmaceutical field have recently
been described [15–19] and the feasibility of LF NMR for unveiling adulteration of DS has been
demonstrated [15,19].

The aim of the present study is to deepen the evaluation of LF NMR to detect adulteration of
slimming DS by coupling LF 1H NMR data with a chemometric analysis, thus allowing classification of
samples without expert interpretation of NMR spectra recorded on a low-cost benchtop spectrometer.
We have thus analyzed adulterated and non-adulterated slimming DS, previously qualitatively and
quantitatively characterized by HF 1H NMR [5], with LF 1H NMR in order to create statistical models
in which the LF 1H NMR data of new samples are injected. The interest and limitations of this approach
are discussed.

2. Results and Discussion

2.1. LF 1H NMR Analysis

The weight-loss DS used in this study, except the newly purchased test samples (T), were previously
analyzed and fully characterized by HF 1H NMR, i.e., the nature and amount of adulterants by unit
(capsule, tablet, or sachet) were known [5]. The full list of DS is given in Table S1.

In the first step of the present study, all DS were analyzed in duplicate by LF 1H NMR in deuterated
methanol. The recording time of each spectrum was 15.5 min, and the profiles of typical samples are
illustrated in Figure 1.

Figure 1. Typical LF 1H NMR spectra of weight-loss dietary supplements recorded at 60 MHz (N,
non-adulterated (natural) group; S, sibutramine-adulterated group; P, phenolphthalein-adulterated
group; PS, both sibutramine and phenolphthalein-adulterated group). Ph: Phenolphthalein; Sib:
Sibutramine; FA: Fatty acids; TSP: Internal reference; *: CD2HOD.

Although LF 1H NMR spectra are rather poorly resolved, the main characteristic signals of
sibutramine and phenolphthalein, the two most common adulterants of slimming DS, are easily
detected alone or in combination. As it can be seen in Figure 1, sibutramine is identified in samples S5
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and PS2 by the signals of its aromatic protons at 7.41 ppm and of its methyl groups at 2.49 (CH3 12 and
13) and 1.02 (CH3 16 and 17) ppm. Likewise, aromatic protons of phenolphthalein give a characteristic
pattern (6.5-8.0 ppm) that can be observed in DS P1 and PS2. Sample N5 is a DS without adulterant
and, except for the reference and solvent signals, only the signal of some CH2 protons of fatty acids
from plant extracts is readily detected at 1.27 ppm. Minor signals corresponding to aromatic protons
of natural polyphenols or other natural compounds are also detected in a few samples.

2.2. Chemometric Analysis

To start the chemometric analysis, a statistical model was built by performing a two-class
comparison: DS without adulterant (natural: N, n = 19) were compared to DS containing either
sibutramine (S, n = 12) or phenolphthalein (P, n = 9), samples (S) and (P) being considered together
(n = 21) as “adulterated samples”. After spectra processing (6–8 ppm region, see experimental part),
bucketing and normalization of the data, the Partial Least Squares-Discriminant Analysis (PLS-DA)
led to a predictive model with two principal PLS components and good validation criteria (Q2 = 0.61,
R2Y = 0.76, CV-ANOVA = 2.3 × 10−18). All Q2 and R2 values were lower in the permutation test than
in the model, confirming its goodness. The classification of all samples was then obtained from the
two-class model based on the predicted Y-values (YpredPS, which is the Y value predicted by the
model based upon the X block variables (resonance intensities at given ppm)) indicating the probability
that a sample belongs to one class of the model (adulterated or non-adulterated).

YpredPS values for the 66 DS analyzed in this study are reported in Figure 2. Samples (N), (S) and
(P) (n = 40), whose content was previously known [5], were considered for the definition of a Y-value
threshold between adulterated and non-adulterated DS. An YPredPS value close or superior to 1 would
indicate that the sample is likely to belong to the adulterated class while an YPredPS value close to 0
would indicate that the sample is likely to be natural. Conventionally, a threshold of 0.65 was defined for
samples belonging to a defined class and a 0.65–0.35 range for samples borderline to the defined class [20].
In our study, it appears that the adulterated samples (P) and (S) have YpredPS > 0.65, except P4 and P6
whose YpredPS are 0.30 and 0.32 respectively, whereas the highest YpredPS for (N) samples is 0.18. Based
on the knowledge of the content of these two DS, we thus defined the lowest limit of the threshold at 0.30
(black dashed line in Figure 2). Samples (PS) previously shown as adulterated by both sibutramine and
phenolphthalein were then injected into the model. Their YpredPS values being > 0.47, the upper limit
of the threshold was set at 0.45 (red dashed line in Figure 2). So, DS with YpredPS values > 0.45 were
considered as belonging to the adulterated class, those with YpredPS values < 0.30 to the non-adulterated
class, and samples with YpredPS values between 0.30 and 0.45 were considered as borderline.

Figure 2. Predicted Y-values (YpredPS) obtained for the 66 DS analyzed based on the two-class PLS-DA
model comparing natural samples (N) to adulterated samples (samples (P) and (S) considered together
as a single class of adulterated samples). Samples above the red dashed line (YpredPS = 0.45) are defined
as adulterated and those below the black dashed line (YpredPS = 0.30) as natural. PS, both sibutramine
and phenolphthalein-adulterated group; T: test samples, i.e., newly purchased DS; X: atypical DS.
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If we apply these criteria to the newly purchased DS (T, test samples), the classification shows
that samples T6, T9, T12, and T13 are predicted adulterated, and samples T2 and T7 borderline,
whereas other T samples are predicted natural with Y values ≤ 0.18 (Table 1). Two atypical DS, X1
(YPredPS = 0.65) and X2 (YPredPS = 0.63), which will be discussed later, are predicted adulterated by
the two-class model. In conclusion, this preliminary rapid analysis with the two-class PLS-DA model
can be considered as a first screening of adulterated slimming DS leading to a classification between
natural, adulterated or possibly adulterated (borderline) samples.

Table 1. Classification list showing predicted Y-values (YPredPS) for test samples (T) based on the
two-class PLS-DA model built with LF 1H NMR data and completed by the visual observation of the
projection of the samples on the three-class PLS-DA model shown in Figure 3A.

Identification
Predictive Y-value Classification

from the Two-Class PLS-DA
Projection on the Three-Class PLS-DA

Model Shown in Figure 3A

YPredPS Classification Class membership Adulterant

T1 0.18 natural N -
T2 0.37 borderline P phenolphthalein
T3 0.16 natural N -
T4 0.17 natural N -
T5 0.18 natural N -
T6 0.79 adulterated P phenolphthalein
T7 0.30 borderline P phenolphthalein
T8 0.17 natural N -
T9 0.45 adulterated S sibutramine

T10 0.17 natural N -
T11 0.17 natural N -
T12 0.69 adulterated S sibutramine
T13 0.65 adulterated S sibutramine

To go further in the classification of the DS, a new PLS-DA analysis was carried out in which
samples (N), (P) and (S) were considered as three distinct groups. A good predictive model was
obtained with two principal PLS components (Q2 = 0.66, R2Y = 0.74), a p-value of the CV-ANOVA of
3.4 × 10−21, and a permutation test successfully performed. The score plot of this three-class PLS-DA
shows a clear discrimination between the three categories of DS (Figure 3A). Samples (P) (dark blue)
and (S) (green) appear more spread out than samples (N) (yellow) because of the variable amount of
adulterant in each sample ranging from 8 to 16 mg per unit for sibutramine in samples (S) and from 5
to 55 mg per unit for phenolphthalein in samples (P) [5].

(PS) samples (purple) projected in this three-class PLS-DA model are located closer to (P) than to
(S) samples (Figure 3B). This observation is in agreement with higher amounts of phenolphthalein
compared to sibutramine contained in most samples [5]. The score plot of the projection of test samples
(T) in the model confirms the classification proposed in Table 1 but affords a more precise analysis
(Figure 3C). Indeed, samples T1, T3–5, T8, T10, and T11 overlap with (N) samples and can thus be
considered as natural. Samples T9, T12, and T13 contain the adulterant sibutramine whereas samples
T2, T6, and T7 contain phenolphthalein. It can be noticed that none of the (T) samples belong to the
(PS) class, i.e., contain a mixture of phenolphthalein and sibutramine. As the statistical analysis of
the (T) samples was done blindly, i.e., without a thorough examination of their LF (and HF) 1H NMR
spectra, these findings were confirmed by the visual analysis of these spectra.

The fact that the two samples T2 and T7 were considered as borderline in the classification
established from the predicted Y-values of the previous two-class model (Table 1) but are now better
characterized by the three-class model (Figure 3C) can also be explained by the visual observation of
their LF 1H NMR spectra. Indeed, as reported in Figure 4, signals of phenolphthalein are detected in
samples T2 and T7 but with a lower signal-to-noise ratio than in the P1 spectrum due to the low amount
of adulterant in these DS. We mentioned above that signals corresponding to aromatic protons of
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natural polyphenols or other natural compounds were detected in a few (N) samples (as an illustration,
the LF 1H NMR spectrum of sample N6 is shown in Figure 4). Their chemical shifts and intensities
close to those observed for phenolphthalein in T2 and T7 samples led to the classification of these DS
as borderline in the first approach (Table 1).

Figure 3. (A) Score plot of the PLS-DA three-class model built from LF 1H NMR spectra of samples
N (non-adulterated), S (adulterated with sibutramine), and P (adulterated with phenolphthalein).
Score plots (B), (C) and (D) show the projection of samples PS (adulterated with both sibutramine and
phenolphthalein), T (test samples) and X (atypical samples, see text) respectively on the built model (A).

A limitation of the present work is illustrated by the examples of the two DS X1 and X2. These
samples appear as adulterated when considering their predicted Y-values (0.65 for X1 and 0.63 for
X2) (Figure 2). Moreover, the projection of their LF 1H NMR spectra in the PLS-DA three-class model
indicates that the adulterants are phenolphthalein for X1 and sibutramine for X2 (Figure 3D). In fact, we
demonstrated in a previous HF 1H NMR study [5] that these two samples contain respectively raspberry
ketone, a natural phenolic compound (probably intentionally added due to its high concentration in
this particular DS), and fluoxetine, an antidepressant drug illegally added. As the model was built with
only the LF 1H NMR data of DS (N), (S) and (P), the chemometric analysis leads to the misclassification
of X1 and X2. The reason can be found in their LF 1H NMR spectra (Figure 4). Indeed, the main aromatic
signal of fluoxetine has a chemical shift (7.37 ppm) close to that of sibutramine (7.41 ppm) and the large
aromatic multiplet of raspberry ketone overlaps with the resonances of phenolphthalein. Although
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chemical shifts of these chemicals are slightly different from those of sibutramine or phenolphthalein,
the multi-alignment procedure applied prior to the statistical treatment results in their misclassification.
Nevertheless, even if the adulterant statistically identified in X2 is not the good one (i.e., sibutramine
instead of fluoxetine), this DS remains unsafe for the consumer and the goal of the statistical screening
for detecting dubious samples is thus achieved.

Figure 4. LF 1H NMR spectra of some weight-loss dietary supplements recorded at 60 MHz. Ph:
phenolphthalein; Sib: sibutramine.

In conclusion, the three-class PLS-DA works well as it enables a correct prediction of the nature
of the adulterant sibutramine or phenolphthalein, the two banned drugs most commonly added to
weight-loss DS to improve their effectiveness. The lowest limit of phenolphthalein concentration
detected by the model is 3 mg per 100 mg of powder, which corresponds to ≈ 6 mg per unit if a
mean capsule content weight of 200 mg is considered. The lowest limit of sibutramine concentration
could not be reached because all the analyzed DS had YPredPS values > 0.7, very far from the 0.3
value that characterizes the limit between adulterated and non-adulterated DS (Figure 2). A source
of classification error is nevertheless possible if an adulterant or a natural compound has a structure
leading to 1H NMR signals in the resonance frequency areas considered to build the model. For
example, the characteristic signal of the methyl protons 16 and 17 of sibutramine at 1.02 ppm could not
be used to create the model because it was often overlapped with the resonance of fatty acids.

This study shows that applying a chemometric treatment to LF 1H NMR data is a means of
widening the field of application of the technique, in particular for the analysis of complex mixtures. This
approach has been successfully proposed in agri-food applications for the analysis and authentication
of edible oils [21,22] and meat [23]. Very recently, a similar approach was used for the analysis of
substandard and falsified medicines [19]. Our study expands the field to the adulteration of DS,
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a problem at the crossroads between agri-food and health products. In the case of slimming DS
adulteration, the analytical process proposed can be useful for the first-line detection of samples liable
to be adulterated without resorting to expert analysis of the 1H NMR spectra. Sample preparation is
simple and fast, and LF 1H NMR acquisition is easy, quite push-button and does not require specific
NMR knowledge. The perspective of this study would be to automate the whole process in order to
propose a turnkey method that could be implemented in quality control labs.

3. Materials and Methods

3.1. Samples

Different groups of weight-loss DS were ordered on the Internet and analyzed with LF 1H NMR:
(N) without adulteration, (S) adulteration with sibutramine, (P) adulteration with phenolphthalein,
(PS) adulteration with both phenolphthalein and sibutramine, (T) test samples, and (X) two atypical
samples (Table S1). The 40 DS used for building the statistical models ((N) (n = 19), (S) (n = 12), and
(P) (n = 9)) as well as (PS) samples (n = 11), and the two DS (X) were previously qualitatively and
quantitatively characterized in our lab with HF 1H NMR [5]. For testing the statistical models, 13 new
DS (T1–T13) were bought on the Internet in November 2019 and were analyzed by LF and HF 1H NMR
upon receipt.

3.2. Sample Preparation for LF 1H NMR Analysis

Around 100 mg of powdered samples were mixed with 1 mL of deuterated methanol under
vortex agitation for 15 s and then sonicated for 5 min. The suspension was then centrifuged
(5 min, 3000 rpm) and the supernatant (700 μL) analyzed. Thirty microliters of sodium
2,2,3,3-tetradeutero-3-(trimethylsilyl) propanoate (TSP, 40 mM) as the internal chemical shift reference
was added before the NMR analysis. Each DS was prepared in duplicate.

3.3. LF 1H NMR Analysis

Qualitative LF 1H NMR spectra were acquired on a Pulsar™ benchtop NMR spectrometer (Oxford
Instruments, Abingdon, UK) operating at a frequency of 59.7 MHz for 1H. The temperature inside
the spectrometer was 310 K. The acquisition was performed by using the SpinFlow 1.2.0.1 software
(Oxford Instruments) and the processing was done with MNova 11.0 (Mestrelab Research, Santiago
de Compostela, Spain). Free induction decays (FIDs) were recorded with a flip angle of 90◦ (12.5 μs),
a spectral width of 5000 Hz (83.75 ppm), and 8 K complex points (acquisition time of 1.64 s). The
relaxation delay was set at 2 s, and 256 transients were recorded leading to a total acquisition time of
15.5 min. For data processing, the FIDs were apodized with an exponential filter (line broadening (LB)
of 0.3 Hz), and a Whittaker smoother was applied for automatic baseline correction. The number of
points was increased to 16 K in Fourier transformed spectra. The signal of TSP set at 0 ppm was used
as an internal reference for chemical shift (δ) measurement.

3.4. Chemometrics

First, the data matrix with all LF 1H NMR spectra (132 spectra) of ((N), (S), (P), (PS), (T), and (X))
groups was generated in the Chemometrics module included in the MNova software with a spectral
resolution of 0.01 ppm/point. Data were transferred to the Matlab® software (R2018a, The Mathworks
Inc., Natick, MA, USA) for the alignment procedure using the Icoshift algorithm [24] with the following
input arguments: PS9 as reference spectrum (target vector), data matrix with all spectra, a file for local
alignment with three specific intervals 8.385–7.495, 7.495–7.275, and 7.275–6.055 ppm, an optional ‘f’
command for a fast search of the best alignment for each interval and no co-shift preprocessing step.
Then, the bucketing procedure was performed with an optimized bucketing algorithm [25] and a fixed
bin width of 0.01 ppm. Data were normalized by dividing their areas by that of the internal standard
TSP signal and by the weight of powder in capsules, tablets, sachet, coffee or tea bags. Multivariate
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statistical analyses were done with the SIMCA-P+ 13.0 software (Umetrics, Umea, Sweden). PLS-DA
with UV-scaling analyses were performed with two (80 spectra corresponding to 19 samples (N) and
21 adulterated samples (P) and (S)) or three qualitative variables (19 (N), 9 (P) and 12 (S)). Then (PS),
(T) and (X) LF 1H NMR data (52 spectra) were projected into the active model and predicted score
plots were built. Predicted Y-values (YPredPS) were provided by the classification list included in the
predict module of the SIMCA-P+ software.

Supplementary Materials: The following are available online at http://www.mdpi.com/1420-3049/25/5/1193/s1.
Table S1. Information on slimming dietary supplements analyzed in this study.
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