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Abstract

Metronidazole (MTZ) is a broad-spectrum antibiotic with numerous routes of administration,
including topical. Topical application of MTZ gel or cream results in very low systemic
absorption, resulting in the need for a sensitive extraction method to quantify plasma
concentrations. Currently published methods are not suitable for analysis of plasma concentrations
after topical application, as undetectable MTZ concentrations commonly occur. We validated a
simple extraction method for MTZ recovery from plasma and quantified it using an LC-MS/MS
analytical method. Methods: Plasma samples were spiked with MTZ (0.5 — 5 ng/mL) and internal
standard (tinidazole, 2 ng/mL). MTZ was extracted by liquid-liquid extraction using ethyl acetate
and acetonitrile mixture (4:1) as the extraction solvent. A quadrupole mass spectrometer interfaced
with an Acquity H-Class HPLC was used to quantify MTZ concentrations in positive ion mode.

A Kinetix C18 analytical column (150 mm x 4.6 mm i. d., 5 um particle size) was used for
separation. The plasma extraction method was validated for various parameters, including %
recovery, precision, accuracy, and stability. Results: The extraction method demonstrated high
MTZ recovery, ranging from 93.7 — 97.5%. The calibration curve prepared using MTZ samples
extracted from plasma (0.5 — 5 ng/mL) had excellent linearity with R? = 0.999. The extracted
samples also showed higher autosampler and freeze-thaw stability over a 72-hr period. The mean
intra- and inter-day accuracy and precision of the extraction assay ranged from 97 to 101.6% and
2.7 — 4.8% RSD, respectively. The assay was highly efficient, with a limit of quantification (0.53
+ 0.04 ng/mL) lower than previously published methods (=5 ng/mL). The extraction method was
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successfully validated using LC-MS/MS and can be used to extract and detect trace amounts of
MTZ in plasma after topical application.
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1. Introduction

Metronidazole (MTZ) is a safe and therapeutically effective antibiotic extensively used to
eradicate anaerobic and parasitic infections. As a small molecule (171.15 Da), MTZ can
be administered via numerous routes, including intravenous, oral, vaginal, and topical.
MTZ doses vary widely depending on route of administration and clinical indication.
Consequently a large range of peak serum MTZ concentrations have been reported in
human subjects, ranging from 6 pg/mL to 40 pg/mL following single oral doses of various
strengths [1]. Bioavailability after oral administration is 100%, followed by extensive
hepatic metabolism and renal excretion.

Because of its physicochemical properties (specifically, logP of — 0.15 and 20 mg/mL water
solubility), MTZ is very suitable for topical administration. MTZ is commercially available
as topical creams, gels, lotions, and jellies, in concentrations ranging from 0.75% to 1.3%
[1-3]. As a dermal product, MTZ is clinically indicated for the localized treatment of
rosacea, a chronic inflammatory dermatosis. In rosacea treatment, MTZ is applied topically
once or twice daily to affected areas and is thought to exert a local anti-inflammatory effect
[1,4]. Response to treatment can typically be seen within 3 weeks. Because of the localized
nature of topical treatment, serum MTZ concentrations are typically below detectable levels
for most patients [4]. This highlights the challenges of analyzing therapeutic compounds

in serum or plasma during dermal pharmacokinetic studies of topical products, including
MTZ. Drug plasma concentrations are often undetectable, and sometimes in the ng/mL
range. However, MTZ has frequently been used as a model drug to develop robust in vitro-/n
vivo correlation (IVIVC) and bioequivalence studies for comparison of topical products [5].
Thus, detecting low MTZ concentrations in biological samples is of high importance and a
simple and highly sensitive plasma extraction process would be valuable.

Many reports have described extraction and quantification of MTZ from human plasma.
However, previous extraction methods are complicated and require multiple steps, increasing
the risk of losing detectable sample. Additionally, previously published detection methods
had high limits of detection or quantification (=5 ng/mL) that may not be suitable for

topical MTZ delivery studies [2,6—-8]. The main objective of the present work was to develop
a simple and reproducible MTZ plasma extraction method with greater sensitivity than
previously reported methods, and validate the method using LC-MS/MS. The long-term goal
is to use both methods (extraction and detection) in dermal and transdermal pharmacokinetic
studies in healthy human subjects.
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Materials and methods

2.1. Chemicals and reagents

2.2.

2.3.

Analytical standard metronidazole (Cat. M3761) was purchased from Sigma Aldrich (St.
Louis, MO, USA). Tinidazole (TND) with more than 98% purity (Cat. T3058) was used
as an internal standard and was purchased from Tokyo Chemical Industry (Japan). Pooled
human plasma was purchased from Innovative Research (Novi, MI, USA). Ethyl acetate,
acetonitrile, and formic acid were purchased from Fisher Scientific (Pittsburgh, PA, USA).

Liguid chromatography tandem mass spectrometry (LC-MS/MS) detection

LC-MS/MS analysis was performed at the University of lowa High Resolution Mass
Spectrometry Core Facility on a Waters Xevo TQ-S Cronos quadrupole mass spectrometer
interfaced with an Acquity H-Class HPLC (Waters Corporation, USA). Electrospray
ionization (ESI) was operated in positive ion mode. A full scan was conducted to produce
the complete mass spectrum and identify the fractioned daughter ions produced during
transitions of MTZ and tinidazole (TND). The best /m/z transitions for MTZ and TND were
172.03—111 and 248.03—121.01, respectively. The source temperature and desolvation
line temperature were maintained at 148 °C and 399 °C, respectively. The analytical column
used for separation was a Kinetix C18 column (150 mm x 4.6 mm i.d., 5 um particle size)
with a Phenomenex AJO-4287 C18 guard cartridge (5 mm x 4.6 mm i.d., 5 pm particle
size) (Phenomenex, Torrance, CA, USA). The mobile phase consisted of 80:20 ratio of
0.1% v/v formic acid:acetonitrile at a flow rate of 0.5 mL/min. The column temperature was
maintained at 30 °C. A sample volume of 20 L was injected and the total run time was 6.0
min. All settings are shown in Table 1.

Preparation of calibration standards and quality control samples

A 5000 ng/mL MTZ working solution was prepared in methanol and diluted with HPLC
grade water to achieve final MTZ standard spiking solutions at concentrations of 10, 20, 30,
40, 60, 80, and 100 ng/mL. A 1000 pg/mL stock solution of TND in methanol was diluted
with HPLC grade water to achieve a final concentration of 2 ng/mL. TND was chosen as
an internal standard for these studies because it is a small molecule with a similar structure
to MTZ (both are in the nitroimidazole group), has a different daughter ion, and has similar
retention to MTZ. The stock solutions of MTZ and TND were stored at 4 °C. Calibration
standards for MTZ plasma samples were prepared by spiking blank human plasma with
MTZ standard spiking solution to achieve final concentrations of 0.5, 1.0, 1.5, 2.0, 3.0, 4.0,
and 5.0 ng/mL. Quality control samples contained 0.75, 2.5, and 4.5 ng/mL MTZ in plasma
or water. All spiked plasma samples were stored at — 80 °C until used for extraction.

2.4. Plasma extraction procedure

Liquid-liquid extraction (protein precipitation) was used to extract MTZ from human
plasma. Two-hundred microliters of MTZ-spiked plasma samples and 50 pL of 2

ng/mL TND standard solution (as an internal standard) were mixed with 4:1 ethyl
acetate:acetonitrile mixture and vortexed for 60 s. This solvent ratio was determined after
several initial trials of single solvent (ethyl acetate vs acetonitrile) vs solvent combinations
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(data not shown). The internal standard was constant for all the samples and used to
improve the accuracy and precision of the method, keeping the MTZ/TND ratio unchanged
during extraction. The vortexed mixture was centrifuged at 10,000 rpm for 10 min.

After centrifugation, the supernatant organic layer was transferred to 5 mL glass tubes.
The extraction step was repeated on the sedimented plasma samples using fresh ethyl
acetate:acetonitrile mixture. The collected organic layer was dried under nitrogen gas at 40
°C for 20 min. Finally, the dried residues were reconstituted with 200 pL of 0.1% formic
acid and sonicated for 15 min before analysis. The extracted samples were analyzed using
the LC-MS/MS method described above. Finally, the ratio of MTZ/TND response was
plotted against MTZ concentrations to determine the various bioanalytical method validation
parameters.

2.5. Validation of MTZ plasma extraction assay

2.5.1. Stability studies—The freeze-thaw stability and autosampler stability of the
method were evaluated to check the effectiveness for eventual pharmacokinetic studies in
humans. For freeze-thaw stability analysis, previously frozen MTZ quality control plasma
samples were thawed on day one and then immediately frozen again at — 80 °C. The MTZ
spiked plasma samples were extracted after three consecutive freeze-thaw cycles, occurring
on three sequential days. For autosampler stability testing, the MTZ sample prepared from
spiked human plasma samples was stored at 4 °C for 72 hr in the autosampler and then
analyzed. These studies were completed because it is important to study stability in the
autosampler when the temperature of the autosampler is different than the specified storage
condition of the samples (4 °C in the autosampler vs — 80 °C for typical sample storage).
Accuracy and precision were calculated for each quality control sample.

2.5.2. Percent recovery and matrix effect—The percent (%) recovery represents the
ability of the method to extract trace amounts of a compound from spiked plasma samples.
To determine the % recovery, the peak area of MTZ quality control plasma samples spiked
before extraction was compared with the peak area of blank plasma samples spiked after
extraction. Moreover, peak areas of blank plasma samples spiked after extraction were
compared with peak areas of MTZ quality control samples prepared in water to determine

a matrix effect and calculate the matrix factor. Both % recovery and matrix factor were
calculated using 0.75, 2.5, and 4.5 ng/mL quality control concentration levels. The matrix
factor should not be more than + 15% to meet acceptable criteria [9]. % recovery and matrix
factor were calculated according to the following equations:

Peak area ofquality controlplasma samples spiked before extraction
Peak area of blank plasma quality control samples spiked after extraction

%recovery = x 100

Peak area of blank plasma quality control samples spiked after extraction

Peak area of quality control samples in water x 100 - 100

Matrix factor =

The matrix factor was calculated based on methods used in previous reports [10].
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2.5.3. Specificity—Specificity represents the ability to explicitly detect the analyte
(MTZ) in the presence of impurity, matrix, or other components expected to be present

in test samples. Samples prepared from the extraction of blank human plasma samples,
plasma samples spiked with TND, and plasma samples spiked with MTZ + TND were tested
to determine the specificity of the LC-MS/MS method. The results of blank plasma and
TND spiked plasma samples were compared with MTZ + TND spiked samples to detect any
interference.

2.5.4. Range and linearity—L.inearity represents the direct relationship of the response
with the concentration of the analyte. The final calibration curves included MTZ
concentrations ranging from 0.5 to 5 ng/mL, with 3 replicates per calibration point. Linearity
was assessed through linear regression between MTZ concentration, X, and the MTZ to
TND peak area ratio, y. The final calibration curve was plotted as MTZ/TND ratio vs MTZ
concentration (ng/mL).

2.5.5. Lower limit of detection (LLOD) and quantification (LLOQ)—The LLOD
and LLOQ are calculated to validate sensitivity of the method. The LLOD represents the
minimum amount of analyte in a test sample that can be detected but cannot be precisely
quantified. The standard deviation and slope method was used to calculate the LLOD and
LLOQ. In addition, LLOD and LLOQ were also calculated based on the signal to noise ratio
to consolidate the data (signal to noise ratio is one of three methods that can be used to
calculate LLOD and LLOQ), according to FDA guidelines) [11]. The LLOD was calculated
from the calibration curve of MTZ obtained from extracted plasma samples according to the
following equation (standard deviation and slope method):

LLOD = 3.3 x standard error of .method response
Slope of calibration curve

The LLOQ represents the minimum amount of analyte in the test sample that can be
accurately and precisely quantified. It was calculated from the calibration curve of MTZ
obtained from extracted plasma samples according to the following equation:

_ 10 x standard error of method response
LLOQ = Slope of calibration curve

2.5.6. Accuracy and precision—Studies of intra- and inter-day accuracy and precision
of the plasma extraction method were conducted over a period of three days. Blank plasma,
plasma spiked with TND only, plasma spiked with MTZ calibration standards + TND, and
plasma spiked with quality control samples + TND were analyzed each day. Five replicates
were prepared for each MTZ concentration for all plasma samples. The mean concentration
of MTZ in quality control samples was calculated to determine the intra-day and inter-day %
accuracy of the plasma extraction method. Finally, the assay accuracy was calculated from
the mean accuracy found on each day for each individual quality control sample.

Precision measurements were conducted similarly as above. Percent relative standard
deviation (%RSD) was calculated from the mean concentration of quality control samples.
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Overall precision of the assay was defined by calculating the mean precision achieved on
different days for each quality control concentration. Five replicates were prepared for each
MTZ concentration for all plasma samples.

3. Results and discussion

3.1.

3.2.

LC-MS/MS method

A Kinetix C18 (150 mm x 4.6 mm i.d., 5 um particle size) was used for the separation of
MTZ and TND during analysis and HPLC parameters were adapted from previous methods,
with slight modifications to the composition and flow rate of the mobile phase [12]. The
combination of 0.1% formic acid in water and acetonitrile (80:20) at the 0.5 mL/min flow
rate comprised the ideal condition for analysis. Under these conditions MTZ and TND had
retention times of 3.4 min and 4.5 min, respectively.

% recovery and matrix effect

The % MTZ recovery from 100 uL of human plasma was evaluated using quality control
samples (0.75, 2.5, and 4.5 ng/mL MTZ) with five replicates each. The extraction method
exhibited excellent recovery of MTZ from plasma, with mean recovery ranging from 93.7
—97.5%. The % recovery of TND was similar, with a mean recovery of 96.5 — 98.5%. The
biological matrix can either enhance or suppress the response of the analyte. In our study
the matrix effect was insignificant: the matrix factor varied from — 4.7 to — 5.3%, indicating
that the MTZ ion response was suppressed only slightly in the presence of human plasma
matrix. However the suppression was nonsignificant and met acceptance criteria that the
matrix factor should not exceed + 15% [9].

3.3. Stability

The MTZ-spiked plasma samples showed excellent stability at the end of freeze-thaw and
autosampler stability studies. The accuracy and precision of the quality control sample
autosampler stability study ranged from 98.2 — 104.3% for accuracy and 1.9 — 5.03 %RSD
for precision. However, after three freeze-thaw cycles over 72 hrs, both accuracy and
precision decreased slightly to 95.8 — 97.1% and 1.3 — 4.1% RSD, respectively. Results
from all stability studies are shown in Table 2.

3.4. Specificity

The validated bioanalytical method was highly selective and the blank plasma samples

did not exhibit any matrix or impurity-originated interference. Any peaks created by blank
plasma samples at the MTZ retention time (3.4 min) were < 20% of the response observed
for the 0.5 ng/mL MTZ samples, which was the lowest MTZ concentration in our studies.
Similarly, any peaks observed for blank plasma samples at the TND retention time (4.5 min)
were much lower than 5% of the response for the lowest TND concentration tested. The
chromatogram of blank human plasma, plasma spiked with TND, and plasma spiked with
MTZ and TND are shown in Fig. 1.

J Pharm Biomed Anal Open. Author manuscript; available in PMC 2024 November 22.
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3.5. Linearity

The calibration curve prepared from MTZ-spiked plasma samples was linear over the tested
concentration range (0.5 — 5 ng/mL). Intra- and inter-day averages (n = 3) were used to plot
the calibration graph (MTZ:TND ratio vs time) and calculate the validation parameters. The
r2 value of 0.999 confirmed that the plot was linear over the range of calibration standards.

3.6. Lower limit of detection (LLOD) and lower limit of quantification (LLOQ)

The MTZ extraction method was highly efficient and exhibited a LLOD of 0.17

0.01 ng/mL and LLOQ of 0.53 + 0.04 ng/mL, which is much lower than previously
reported bioanalytical methods (Table 3). The signal-to-noise ratio for the 0.5 ng/mL MTZ
concentration ranged from 9 — 11, which complies with FDA guidance and supports the
above LLOQ result for bioanalytical method validation qualification [13].

3.7. Accuracy and precision

The % accuracy and precision were calculated from three different runs, completed on three
different days, to determine intra- and inter-day accuracy and precision. Table 4 shows a
summary of intra-day and inter-day accuracy and precision results calculated from three
different quality control samples (0.75, 2.5, and 4.5 ng/mL MTZ). The mean accuracy of the
extraction method ranged from 97.0 — 101.6%. The mean precision ranged from 2.7 — 4.8%
RSD. These findings of accuracy and precision comply with FDA and ICH guidelines for
bioanalytical method development, which suggest that both accuracy and precision should
be within the limit of + 15% [13].

3.8. Comparison with previous methods and future applications

In the current study we aimed to develop a simple extraction method with minimal
processing or extraction steps, while also targeting a lower LLOD and LLOQ than what
has previously been reported. Our method has a LLOQ of 0.5 ng/mL, which is 16 times
lower than the lowest previously reported LLOQ of 8 ng/mL (LLOQ from previous studies
ranged from 8 — 50 ng/mL, Table 3). Our detection method uses isocratic LC flow, which
is often considered more straightforward than gradient flow. Further, we achieved a highly
sensitive extraction (93.7 — 97.5% recovery) with only two short liquid-liquid extraction
steps.

Because of its physicochemical properties and availability in multiple topical dosage forms
and strengths, MTZ is an ideal compound for dermal pharmacokinetics studies. In particular,
its hydrophilic nature makes MTZ especially suitable for studying microneedle-assisted
dermal delivery. Microneedles are a physical enhancement technique that allow transdermal
delivery of hydrophilic compounds that do not deliver well through the hydrophobic outer
skin layers. MTZ has been used as a model compound in prior in vitro studies, in which

the formulation type (gel vs cream) significantly impacted the extent of MTZ delivered
through excised skin treated with microneedles [14]. The newly developed method we report
here will be used in an upcoming clinical trial (ClinicalTrials.gov identifier NCT05929794),
in which MTZ will be quantified in plasma after applying MTZ to microneedle-treated

skin in healthy human subjects. To maximize the safety profile of the study, very small
volumes of 0.75% MTZ cream or gel will be applied to microneedle-treated skin. This

J Pharm Biomed Anal Open. Author manuscript; available in PMC 2024 November 22.
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further underscores the importance of having a very low LLOD and LLOQ, which we have
demonstrated here. Further, our method is very simple, making it well suited for analyzing
the high volume of plasma samples that are collected during pharmacokinetic studies. One
potential limitation of our method is that we did not specifically determine linearity at
concentrations higher than 5 ng/mL. However, we do not expect this to be a significant
concern because plasma concentrations in the pharmacokinetic study will likely be low,
making our 0.5 — 5 ng/mL range suitable for the study objectives.

4. Conclusions

We developed a precise, reproducible, and sensitive method to extract MTZ from human
plasma and used LC-MS/MS to quantify MTZ concentrations. Our simple method has
higher recovery, higher sensitivity, and a lower limit of quantification (0.5 ng/mL) than
previously published methods. This validated extraction method will be applicable for
analyzing MTZ in plasma samples collected during a dermal kinetics study in human
subjects, which are likely to contain extremely low MTZ concentrations (below 1 ng/mL).
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Chromatogram of MTZ (0.5 ng/mL) and internal standard (TND, 2 ng/mL) extracted from

spiked human plasma.
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Table 1

Mass spectrometer settings for MTZ and TND analysis.

Parameter

Values

lonization method

lonization mode

Capillary voltage

Cone voltage

Collision energy

Source temperature

Desolvation temperature

Precursor to product ion transition (MTZ)

Precursor to product ion transition (TND)

Electron spray ionization
Positive ion

15KV

26 \olts

22 \olts

148 °C

399°C

172.03 — 111

—121.01

MTZ = metronidazole; TND = tinidazole (internal standard)
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Table 2

Results from freeze-thaw and autosampler stability studies. Results displayed as mean = SD, n = 5.

Validation parameter  Quality control sample concentration in plasma (ng/mL)

0.75 25 45

Autosampler stability ~MTZ concentration (ng/mL)  0.78 £ 0.04 2.45 +0.05 4.50 +0.09

Accuracy, % 104.31+5.25 98.19+211 100.10+1.90
Precision, %RSD 5.03 2.15 1.90
Freezethaw stability =~ MTZ concentration (ng/mL)  0.72 +0.03 2.40 +0.09 4.37 £ 0.05
Accuracy, % 95.76 + 3.91 96.06 +3.60 97.12+1.21
Precision, %RSD 4.09 3.74 1.25
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Percent recovery, precision, and accuracy calculated for MTZ quality control samples during validation.

Table 4

Validation parameter MTZ concentration in quality control samples (ng/mL)
0.75 25 45
% Recovery (n =5) MTZ 97.53+4.23 95.12+1.42 93.74+278
% Accuracy (n =5) Day 1 (Intra-day) 103.67 +2.99 96.32+4.32 97.48+4.45
Day 2 (Inter-day) 10153 +4.13 9543 +258 98.65+8.86
Day 3 (Inter-day) 99.65+1.25 99.24+0.80 98.42+0.93
Mean accuracy (n = 15) Day 1,2 and 3 101.62+3.45 97.00+3.36 98.18+5.77
Precision, % RSD (n=5) Day 1 (Intra-day) 2.89 4.48 4.56
Day 2 (Inter-day) 4.06 2.70 8.98
Day 3 (Inter-day) 1.26 0.80 0.94
Mean precision (n = 15) Days 1,2 and 3 2.74 2.66 4.83

MTZ = metronidazole
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