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Abstract

We demonstrate the suitability of a fast, green, easy-to-perform, and modified sample extraction procedure, i.e., dispersive
liquid—liquid microextraction (DLLME) for the determination of efavirenz (EFV) in human plasma. Data acquisition was done
by gas chromatography—mass spectrometry (GC-MS) in the selected ion monitoring (SIM) mode. The simplicity of the method
lies in, among others, the avoidance of the use of large organic solvent volumes as mobile phases and non-volatile buffers that
tend to block the plumbing in high-performance liquid chromatography (HPLC). Chromatographic and mass spectral parameters
were optimized using bovine whole blood for matrix matching due to insufficient human plasma. Method validation was
accomplished using the United States Food and Drug Administration (USFDA) 2018 guidelines. The calibration curve was
linear with a dynamic range of 0.10-2.0 pg/mL and an R* value of 0.9998. The within-run accuracy and precision were both less
than 20% at the lower limit of quantification (LLOQ) spike level. The LLOQ was 0.027 pg/mL which compared well with some
values but was also orders of magnitude better than others reported in the literature. The percent recovery was 91.5% at the LLOQ
spike level. The DLLME technique was applied in human plasma samples from patients who were on treatment with EFV. The
human plasma samples gave concentrations of EFV ranging between 0.14—1.00 pg/mL with three samples out of seven showing
concentrations that fell within or close to the recommended therapeutic range.
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Introduction

Efavirenz (EFV) is still a widely used antiretroviral drug (ARV)

>4 Kwenga Sichilongo in low- and middle-income countries (LMICs) [1, 2]. This is
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transcriptase inhibitor (NNRTI) in many countries because it
has low hepatotoxicity, does not require dose adjustment, and
can also, like DTG, be used concomitantly with tuberculosis
treatment [7—10]. EFV-based regimens have been the backbone
of combination antiretroviral therapy for over 15 years, and this
was mainly due to its antiretroviral efficacy and favorable phar-
macokinetics [11]. These considerations make it imperative that
accurate, sensitive, and easy-to-access analytical methods with
potential for miniaturization in resource-limited LIMCs contin-
ue to be developed to monitor EFV in human plasma for clin-
ical analysis.

Several methods have been reported in literature for the
determination of EFV in human plasma. Solid-phase extrac-
tion (SPE) or liquid-liquid extraction (LLE) followed by high-
performance liquid chromatography (HPLC) separation
coupled to ultraviolet (UV) detection is common [12-14].
HPLC followed by UV detection has been reported in several
analyses of EFV in human plasma [15-18] and dried blood
spots [19] using traditional extraction methods, i.e., SPE,
LLE, and protein precipitation (PPT). Reasonable limits of
quantification (LOQs) have been reported using these
methods. For instance, a LOQ of 0.10 pug/mL has been
achieved in the determination of EFV in human plasma [9].
Despite HPLC coupled with UV detection meeting some of
the required analytical performance characteristics such as
good accuracy, precision, and low LOQs, this method suffers
several shortcomings such as limited spectral identification
that complicates the use of data systems to accurately quantify
the separated components. In contrast to a separation system
coupled to a mass spectrometer whose data system is two
dimensional as opposed to one, the lack of specificity in
HPLC alone exasperates the limitation to adequately identify
analytes in a complex sample matrix such as human plasma.

Liquid chromatography—mass spectrometry (LC—MS) of-
fers a better alternative to HPLC-UYV for the determination of
EFV in human plasma [20-22]. LC-MS/MS can identify the
compound(s) of interest by both retention time and mass to
charge (m/z) ratio of the precursor and product ions and there-
fore offers the advantage of greater analytical specificity [23].
LC-MS for the determination of EFV in human plasma
[24-26] in hair [27] and in saliva [21] has been reported

Gas chromatography—mass spectrometry (GC-MS) is an-
other technique that has been applied in the determination of
EFV. GC-MS using electron ionization (EI) [28, 29] has been
reported for the determination of EFV in human plasma in
which SPE and LLE with derivatization were used respective-
ly for sample preparation. The limitations of these sample
preparation procedures, such as cost and use of large volumes
of organic solvents in the case of SPE and a higher sample and
extraction solvent volume in the case of LLE with derivatiza-
tion, could be overcome by a simpler method such as DLLME
requiring up to 100 pL of extraction solvent and lower sample
volumes. This could be followed by GC-MS which is less
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cumbersome in contrast to HPLC and LC-MS where in a lot
of instances, the latter methods’ use of large volumes of mo-
bile phases and buffers that are not benign to the environment
can be problematic.

We report a method employing a modified non-
traditional bioanalytical sample preparation method, i.e.,
DLLME followed by EI-GC-MS using the selected ion
monitoring mode (SIM) data acquisition mode, for the
determination of EFV in human plasma. DLLME employs
microliter volumes of samples and extraction solvents,
making it ideal for human fluid samples, and minimum
extraction times compared to traditional bioanalytical
sample preparation techniques, i.e., SPE, LLE, and PPT.
DLLME also affords a cost-effective and environmentally
benign, i.e., green technique, which can easily be auto-
mated in-house with commercially automated systems
such as the Gerstel Multipurpose Sampler (MPS) robotic
by Gerstel Inc. [30] already available on the market.
Automated systems can improve the turnaround time for
sample preparation during therapeutic drug monitoring
(TDM) in clinical laboratories to furnish medical person-
nel with the required analytical data within a specified
time. Figure 1 shows the structures of EFV and the inter-
nal standard used in this study, metronidazole (MNZ).

Materials and methods
Reagents and apparatus

The EFV standard was purchased from U.S. Pharmacopeia
Convention Rockville (USA); metronidazole (MNZ), used
as an internal standard, was purchased from Sigma-Aldrich
(Seelze, Germany). HPLC-grade methanol (99.9% purity)
was purchased from Sigma-Aldrich Co., St. Louis, MO
(USA). HPLC-grade acetonitrile and 15-mL centrifuge tubes
were purchased from Fisher Scientific, Waltham, MA
(USA). Chloroform, HPLC grade, was purchased from
Alpha Chemical, Mumbai (India). Formic acid (FA) of
85% purity was purchased from Afro World Impex,
Gaborone (Botswana). Zinc sulfate was purchased from
Rochelle Chemicals, Johannesburg (South Africa). Five
thousand—microliter syringes were from Hamilton, Reno,
NV (USA). Ultra-high-purity (99.999%) nitrogen and
helium gas were purchase from Afrox Gaborone
(Botswana). Deionized water was from the Milli Q
Millipore water purification system from Millipore Sigma,
Temecula, CA (USA). Human plasma samples were provid-
ed by the Botswana Harvard AIDS Institute Partnership for
HIV Research and Education Center, Gaborone (Botswana).
Fresh bovine blood was donated by a butchery in Ramotswa
(Botswana).
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Fig. 1 Structures of a efavirenz
and b metronidazole
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All the parameters reported here were optimized in-house
as described below. An Agilent 7890A GC system
coupled to an Agilent 5975C single quadrupole mass
spectrometer equipped with an Agilent G4513A auto-
sampler module was used throughout the experiments. A
HP 5MS capillary column of 30 m length, 0.25 mm in-
ternal diameter, and 0.25 pm film thickness (5%-phenyl-
methyl-siloxane) was used throughout for separations. One
microliter of standard/sample was injected in pulsed
splitless mode. The injector, transfer line, and ion source
temperatures were 260 °C, 280 °C, and 230 °C, respec-
tively. Helium was used as a carrier gas at a constant flow
rate of 3 mL/min. The oven temperature was initially held
at 130 °C for 2 min and then ramped to 280 °C at a
heating rate of 30 °C/min and held there for 2 min for
a total run time of 9 min. Mass spectra were acquired
using electron ionization (EI) in the full and selected ion
monitoring (SIM) modes. The mass scan range was m/z
50-350. In the SIM mode, acquisition of spectra was
based on three or more selected masses of interest, i.e.,
three or four ions with the highest intensity with the first
most intense m/z ratio being the quantification ion, and the
other less intense ions used for confirmation. The instru-
ment was set to reject all other ions including background
ions arising from the matrix. The ions selected for EFV
were m/z ratios 180, 246, and 315 while for MNZ, m/z
ratios 54, 81, 124, and 171. The positive chemical ioniza-
tion (PCI) using methane as a reagent gas was done using
standard Agilent PCI settings embedded in the tune sys-
tem. The system uses EI tune parameters and only allows
manually setting the reagent gas flow into the ionization
chamber.
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Preparation of standards

Individual stock standard solutions of EFV and MNZ (internal
standard) were prepared separately at 1000 pg/mL. Each com-
pound was dissolved in a 10-mL volumetric flask using meth-
anol and stored in a freezer at a temperature of — 10 °C. Prior
to analysis, serial dilution was made to prepare working stan-
dards of 5 pg/mL EFV and 1 pug/mL MNZ from the stock
solutions using methanol. The working standard solutions
were stored at 4 °C in vials and wrapped in aluminum foil to
protect them from photo-degradation.

Optimization of the GC separation parameters

The following parameters were optimized using the one factor
at a time (OFAT) strategy: (i) injection mode, (ii) injector
temperature, (iii) carrier gas flow rate, and (iv) oven heating
rate.

To select the injection mode, a cocktail of standards using
the splitless and pulsed splitless modes of injection was
injected. Peak areas were adduced from the chromatograms
and the ratios of analyte to internal standard were compared.
The highest peak area ratio was taken as the optimum.

The injector temperature was optimized by varying temper-
atures from 220 to 280 °C in increments of 20 °C. The opti-
mum was the temperature that gave the highest peak ratio of
the analyte to internal standard. In order to optimize the carrier
gas flow rate, it was varied from 1 to 4 mL/min which is the
maximum flow rate which the Agilent 5975C series GC-MS
system can be operated at. This was done in order to obtain the
optimum flow to attain better efficiency measured as the num-
ber of theoretical plates (N) and to obtain short retention times
for higher sample throughput. Ultimately, a van Deemter plot
was used to adduce the optimum flow rate.
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In order to improve the quality of separation and optimize
the analysis time, the optimum oven heating temperature was
determined by varying the heating rate from 10 to 30 °C/min
in increments of 5 °C/min. The optimum heating rate was
taken as that which yielded the highest analyte-to-internal
standard ratio.

Selection of the acquisition and ionization modes

To select an appropriate acquisition scan mode, the FS mode
was compared to the SIM mode by determining the instrument
limits of detection (IDLs) in the two scan modes. Further, the
ionization modes, i.e., EI and PCI, were compared using de-
tection and quantification limits as figures of merit and using
the selected acquisition scan mode.

Samples for optimization of DLLME and analysis

Since the goal was to optimize a method to analyze a biolog-
ical matrix which the USFDA 2018 [31] defines as “discrete
material of biological origin that can be sampled and proc-
essed in a reproducible manner” such as “blood, serum, plas-
ma, urine, feces, cerebrospinal fluid, saliva, sputum, and var-
ious discrete tissues,” we used a surrogate matrix, i.e., fresh
bovine whole blood, which was consistent with the study
matrix to optimize the DLLME procedure. This was because
the human plasma samples were in very minute quantities (1L
volumes), were rare and difficult to obtain [32], and thus could
not be used for this purpose. Previously, the use of human
blank sera for method validation and application in drug phar-
macokinetics in rats has been reported [33, 34]. The bovine
whole blood in this research was used for matrix matching the
analytical standards and for in-house spiking to assess the
efficiency of extraction. Seven de-identified archived plasma
samples from adult non-pregnant HIV patients, on Atripla,
from the Republic of Botswana, stored at the Botswana
Harvard AIDS Institute Partnership (BHP) for HIV Research
and Education Center in Gaborone, together with one control
human blood plasma sample were donated by the BHP.
Control samples were from subjects on any other antiretroviral
treatment (not containing EFV). All the samples were stored
frozen at a temperature of — 80 °C and only allowed to thaw
prior to being used.

DLLME sample preparation

The DLLME procedure was adapted from [35] and mod-
ified as described below. Fifty microliters of bovine blood
were pipetted into a 15-mL centrifuge tube and spiked
with 30 pL of 5 ug/mL EFV dissolved in methanol.
Five milliliters of 1 pug/mL MNZ (internal standard) dis-
solved in water was added to the centrifuge tube. The
mixture was shaken for a few seconds to homogenize it.
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Ten microliters of 5% (v/iw) ZnSO,4 was then added to the
centrifuge tube to precipitate the proteins instead of 4% w/
v sulfosalicylic acid that was used by Heydari et al. [35].
This was one of the modifications to the procedure. From
literature, ZnSO, has shown 91% precipitation of protein
in human plasma [36], and here, it also removed the red
coloration from bovine blood compared to other
deproteinization reagents that were tested. Clarification of
the red color was the focus here, because deproteinization
reagents have been proven not to improve the signal-to-
noise (S/N) ratios of small-molecule peaks by GC-MS
[37]. Moreover, methanol has also been reported to
deproteinize human plasma, and thus, removal of one step
further reduced sample pre-treatment time. The mixture
was centrifuged for 2 min at 4500 rpm. The clear super-
natant was transferred to another centrifuge tube and
1300 pL of a mixture of acetonitrile (dispersing solvent)
containing 100 pL of chloroform (extraction solvent) was
injected rapidly into the clear supernatant using a 5-mL
glass syringe. A cloudy solution developed instantly, and
the tube was shaken for a few seconds and centrifuged for
4 min at 6000 rpm to afford phase separation. After cen-
trifugation, the chloroform settled at the bottom of the
tube. The chloroform phase was drawn using a glass sy-
ringe into a GC vial and evaporated to dryness under
nitrogen. The residue was reconstituted with 40 pL of
methanol. This was another modification to the method;
i.e., instead of reconstituting with 4.5 mL of phosphate
buffer (20 mM, pH = 8) containing 2% w/v NaCl, meth-
anol was used because it is compatible with GC-MS. One
microliter of the methanol reconstituted extract was
injected into the GC-MS system for analysis. After the
analytical performance characteristics were evaluated and
found to be satisfactory, the extraction procedure was ap-
plied to real human plasma samples. Here, to 50 pL of
each of the human plasma samples was added 5 mL of
1 ug/mL MNZ in a 15-mL centrifuge tube, followed by
the DLLME procedure used for extraction of bovine
whole blood.

Method validation

The method was partially validated using the USFDA
[31] guidelines while referring to a discussion of
bioanalytical method validation guidelines [29]. The an-
alytical performance characteristics that were evaluated
were the linearity and the instrument detection limit
(IDL) that afforded estimation of the lower limit of
quantification (LLOQ). Others were the method detec-
tion limits (MDLs), extraction efficiency expressed as
percent recovery, the accuracy, the precision expressed
as percent coefficient of variation (% CV), and matrix
effects expressed in percent (% ME).
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Instrument detection limit (IDL)

The IDL and the LLOQ were estimated at 3 and 10 times the
signal-to-noise (S/N) ratio of the blank sample extract which
was estimated at the y intercept of the calibration curve equiv-
alent to the standard deviation of the line of regression of y on
X (8y/), respectively. The IDL was used as a guide for in-house
spiking of real matrix blanks for recovery and precision
calculations.

Method detection limit (MDL)

The MDL reflects a composite of instrumental noise and noise
due to the matrix and is thus considered as the true LOD of a
method. In this instance, a sample extract with the concentra-
tion of EFV close to the LLOQ was selected and run seven
times on the GC-MS. Calculation of the MDL was done ac-
cording to literature [38].

Accuracy and precision

To estimate the accuracy, three replicates were done at each
spike level and this afforded calculation of the mean accuracy.
Accuracy values were compared with the USFDA guidelines
[31], where the accuracy should not exceed = 15% of the
nominal concentrations and should not exceed = 20% at the
LLOQ.

To evaluate precision, three replicate spiked samples were
made per concentration at each spike level including at the
LLOQ. The precision was expressed as the coefficient of var-
iation (% CV). The precision values were compared with the
USFDA guidelines which require that it should be = 15%
except at the LLOQ where it should not exceed + 20%.

Matrix effects

The matrix effect expressed as % ME was calculated by com-
paring the peak area of the matrix matched standard with the
solvent standard according to Matuszewski et al. (2003) [39].
This method has also been recommended as the best approach
for evaluating matrix effects in the validation of bioanalytical
chromatographic methods for the quantification of drugs in
biological fluids [29]. Equation 1 was used in this case. A
positive value indicates enhancement and a negative value
indicates suppression of the analyte signal on the detector
response.

B—A

where B is the average peak area of the analyte spiked into the
extracted matrix and A is the average peak area of the analyte
with the same concentration in a solution.

Results and discussion
Optimization of GC separation parameters

Figure 2(A) shows results of the optimization of the injection
mode wherein the pulsed splitless mode was three times better
than the splitless mode and (B) the van Deemter plot showing
the optimum at 3 mL/min. In (C), the optimum oven heating
rate was 30 °C, despite 10 °C showing similar results. Thirty
degrees Celsius was selected because the IDL measured at this
temperature was lower than at 10 °C. Separations were also
faster at 30 °C without compromising peak symmetry. The
optimum injector temperature of 280 °C is shown in (D).
However, this injector temperature exhibited peak splitting
which prompted the use of 260 °C as the optimum.

Selection of the acquisition and ionization modes

Figure 3(A) shows a comparison of the FS acquisition mode,
IDLs using EI and positive chemical ionization (PCI) with
methane as reagent gas, and (B) detection and quantification
limits as well as nominal spike level performance of the SIM
scan mode. (A) shows the FS mode where the analyte in PCI
was not quantifiable but was in SIM. SIM yielded superior
IDLs using EI compared to PCI. The performance of PCI
using SIM was also inferior to EI as seen in (B). EI using
SIM for data acquisition was ultimately taken as the best com-
bination for further experiments.

Table 1 is a summary of the optimum values obtained after
a series of experiments designed to optimize separation and
mass spectrometry parameters.

Applying the conditions tabulated gave the chromatogram
in Fig. 4 showing the SIM acquisition chromatogram of a
standard mixture of MNZ and EFV.

Figure 5 shows the FS mass spectra of MNZ and EFV. The
mass spectra provided a basis for selecting the ions to use in
the SIM mode based on their intensities.

Calibration curve and IDL

The calibration curve of EFV in the SIM acquisition mode
yielded a regression equation, i.e., y = 1.5611x + 0.6361,
with a slope of 1.5611 £ 0.0101 and an intercept of 0.6361
+ 0.01175 (& standard deviations of the slope and intercept at
p = 0.05) and was linear with an R? value of 0.9998, i.e.,
indicating that 99.98% of the values fell within the straight
line. The correlation coefficient (r) of the regression line was
0.9999 indicating a very strong relationship between the ratio
of EFV to IS and the concentration of EFV. The linear range
for the calibration curve was 0.10-2.0 pg/mL based on six
calibrators with each calibrator run three (3) times (n = 3),
which was adequate for the quantification of real samples.
Preliminary experiments using HPLC (results not shown)
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Fig. 2 Optimization of GC
separation parameters. (A)
Selection of the injection mode,
(B) optimization of the flow rate,
(C) optimization of the oven
heating rate, and (D) optimization
of the injector temperature. All
experiments were done in tripli-
cate,i.e,n =3

Fig. 3 Optimization of mass
spectrometry parameters. (A)
Comparison of the full-scan and
selected ion monitoring acquisi-
tion modes, (B) comparison of EI
and PCI limits of detection,
quantification, and nominal spike
level. FS = full scan; SIM = se-
lected ion monitoring. All experi-
ments were done in triplicate, i.e.,
n=23
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Table 1 Summary of

optimum parameters for Injector temperature 260 °C

GC-MS Gas flow rate 3 mL/min
Oven heating rate 30 °C/min
Mode of injection Pulsed splitless
Ionization mode EI

indicated that the highest concentration to expect from the real
samples was approximately 0.9 pg/mL. An IDL of 0.03 pg/
mL was estimated from the curve which afforded the estima-
tion of the LLOQ which was ~ 0.1 pg/mL. These values were
used as guides for spiking the blank bovine whole blood for
validation purposes.

MDL and LLOQ

The MDL (true LOD) was 0.0081 pg/mL, and from this val-
ue, the real LLOQ was estimated to be 0.027 pg/mL. Thus,
the GC-MS detected concentrations of EFV at levels below
its therapeutic range, i.e., 1-4 pug/mL [40].

Accuracy and precision
The accuracy at the LOD spike level was 34.3% (n = 3) as

expected and at two times the limit of detection (LOD) spike
level was 17.2% (n = 3) while at the LLOQ spike level, it was

(@
1.0E6 4
9.0E5
8.0E5

7.0E5

5.0€5

Intensity [counts]

4.0E5

3.0E5 4

2.0E5

1,065

8.1% (n = 3) and satisfied the USFDA guidelines, i.e., it was
less than 20%. The precision expressed as % CV at the LOD
spike level was 2.9% (n = 3) and at two times the LOD spike
level was 2.0% while at the LLOQ spike level, it was 1.7% (n
= 3) and was within the acceptable range, i.c., less than 15%.

Percentage recovery

The USFDA guidelines do not prescribe acceptable percent
recoveries. Percentage recoveries were evaluated at the LOD
spike level where it was 65.7% (n = 3), at a spike level of 2
times the LOD [29] where it was 82.8% (n = 3) and was
91.5% (n = 3) at the LLOQ.

Matrix effects

The matrix effects were estimated using a control human plas-
ma sample spiked at 5 pg/mL according to Matuszewski et al.
(2003) [39]. The % ME (Eq. 1) was + 4.6 indicating a S/N
ratio enhancement. This implies that the selectivity of the
method was also enhanced as a result of an improvement in
at least one factor contributing to it. This was attributed to the
SIM acquisition mode which scans selected ions unique to the
analyte and rejects matrix ions. Figure 6 shows the SIM ac-
quisition chromatograms of the control sample, the blank, and
the real human sample HBP 1.
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Fig. 4 Selected ion monitoring (SIM) chromatogram of (1) metronidazole and (2) efavirenz after acquisition with optimum GC-MS parameters
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Fig. 5 Mass spectra of a metronidazole and b efavirenz

The internal standard, i.e., MNZ, and analyte, i.e., EFV
peaks, in the control and the real sample extracts were obscure
in the FS acquisition mode whereas the blank showed no peak
for both the internal standard and the analyte. However, the
selectivity of the method is demonstrated in Fig. 6 where
MNZ and EFV were clearly quantifiable at 4.7 and 6.6 min
in the sample extract from HBP1 and control sample extract,
respectively, using the SIM acquisition mode.
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Application of the method to the analysis of EFV in
human plasma

Real human plasma samples collected from the BHP labora-
tory were analyzed in triplicate for EFV. Table 2 shows the
results.

The proposed therapeutic range of efavirenz for treatment
of HIV-1 in ARV-naive patients suitable to avoid virologic
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failure from literature is 1-4 pug/mL for efavirenz [40]. Three
samples, i.e., HBP1, HBP4, and HBP6, were either within or
close to the therapeutic range while others were not.

Comparison with literature values
This method was superior to some values reported in the lit-

erature employing GC-MS/SIM for the determination of EFV
since the LLOQ in this study was lower as shown in Table 3.

Table 2 EFV concentrations in human blood plasma samples (n = 3)

Sample code Concentration (ug/mL)+s

HBP1 1.00+0.02
HBP2 0.20+0.03
HBP3 0.30+0.09
HBP4 0.83+0.02
HBP5 0.14+0.02
HBP6 0.61+0.04
HBP7 ND

Control sample ND

ND not detected, i.e., below LOD; s standard deviation; HBP human
blood plasma

The table also shows that a relatively smaller sample volume
of real human plasma was used with DLLME, i.e., 50 uL,
compared to 200 pL in the other two methods employing
GC-MS in the SIM mode of signal acquisition. This is an
advantage considering the small human bio fluid sample vol-
umes (pnL) that are accessible for bioanalysis. Kankaanpéd
et al. [41] proposed that this problem could be overcome by
either diluting the samples or validating at higher concentra-
tions if the LLOQs were low and where the therapeutic ranges
were significantly higher, i.e., 1-4 pg/mL, as in the case of
EFV. This view is upheld in this study where the LLOQ was
estimated at 0.027 pg/mL. It is proposed here that these sug-
gestions could be considered when reviewing bioanalytical
method validation guidelines in the future. The percent recov-
ery obtained in this study at the LLOQ spike level was better
or comparable to the literature values. Table 3 also shows
literature quality control values for EFV obtained using
DLLME, LLE, and SPE followed by HPLC-UV detection.
The major differences can be seen in the volumes of samples
that were employed using traditional bioanalytical sample
preparation methods. Other validation parameters were either
inferior or superior compared to those obtained in this study.
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Table 3 Analytical performance of EFV in literature and in this study

Method No. LOD LLOQ Accuracy (%) Precision (% % Extraction Sample Instrument Ref.
(ug/mL) (ug/mL) at LLOQ COV) at LLOQ recovery method volume (uL) and detection

GC-MS 1  0.026 0.072 <15 <15 90.5-105.3 Liquid-liquid/SPE Plasma (200) GC-MS/SIM [28]

2 - 0.025 <15 <20 - Derivatization-LE  Plasma (200) GC-MS/SIM [41]

3 0.008 0.027 8.1 1.7 82.8-91.5 DLLME Plasma (50) GC-MS/SIM  This
stu-
dy

HPLC 1  0.00001 0.0001 - 3.4-7.5 98.5-102.5 DLLME Plasma (200) HPLC-DAD [35]

2 0.025 0.01 - 0.2-5.7 >90 SPE Plasma (550) HPLC-DAD [14]

3 - 0.1 - <8.6 >83 SPE Plasma (300) HPLC-UV [15]

4 - 0.10 <15 <15 >80 LLE Plasma HPLC-UV [16]

(1000)
5 20 50 <10 3495 95-106 LLE Plasma (250) HPLC-UV [17]
6 75 0.1 - <15% >70 LLE Plasma (300) HPLC-UV [18]
Conclusion Consent to participate Informed consent was obtained from all partic-

A DLLME extraction procedure employing a GC-MS in the
selected ion monitoring (SIM) method for the determination
of EFV in human plasma has been developed. This is the first
method employing DLLME and GC-MS-SIM reported in the
literature. The procedure consumed extremely low volumes of
samples and extraction solvents, i.e., in microliters, and was
very simple and rapid to perform. These advantages in con-
junction with the use of a very selective separation and detec-
tion system simplified this method to produce excellent limits
of detection and quantification. For resource-poor countries,
DLLME could be a method of choice for sample preparation.
Using the USFDA guidelines, the method was partially vali-
dated and found suitable for use in clinical analysis because
the therapeutic range for EFV was well above the LLOQ.
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