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Abstract

A simple, short, and rugged LC-MS/MS method for the simultaneous determination of tenofovir,
emtricitabine, elvitegravir and rilpivirine was developed and validated. Dried blood spots were
prepared with 25 pL of spiked whole blood. A 3 mm punch was extracted with methanol
containing labeled internal standards. Ten microliter was injected into LC-MS/MS using isocratic
mobile phase composed of 0.1% formic acid in water and 0.1% formic acid in acetonitrile (45: 55
v/v) at a flow rate of 0.25 mL/min. The method was validated in the range of 10 to 2000 ng/mL for
all four analytes. The intra-assay accuracy (%RE) of the method was —4.73 to 4.78, 1.35 to 2.89,
-8.89 to —0.49 and —1.40 to 1.81 for tenofovir, emtricitabine, elvitegravir and rilpivirine
respectively. The inter-assay accuracy was within + 15% of nominal and precision (%CV) was <
15%. The hematocrit effect on quantification was non-significant at the tested hematocrit levels
(35 to 70%). The DBS method had shown good agreement with plasma method, hence can be used
as an alternative to plasma method.
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1. Introduction

Combination antiretroviral therapy (CART) has proven to be effective in prevention and
treatment of HIV (Cihlar & Fordyce, 2016). USFDA approved single-tablet combination
antiretroviral drugs for the treatment of HIV comprised mainly of tenofovir (TFV) prodrug,
and emtricitabine (FTC) (NIH, Drugs that fight HIV-1, 2016). Truvada™, which contains
tenofovir disoproxil fumarate (TDF) and FTC, is the only FDA-approved medicine for pre-
exposure prophylaxis (PrEP) for HIV. Combinations of TFV prodrug, FTC and elvitegravir
(EVG) or rilpivirine (RPV) have proven to be efficacious and are approved for HIV
treatment (NIH, Drugs that fight HIV-1, 2016).
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Adherence to treatment is one of the major issues with antiretroviral therapy (ART). To
evaluate patient adherence, therapeutic drug monitoring from patients has been advocated to
determine the concentration of drug in systemic circulation (Landovitz et al., 2017). Human
trials of antiretroviral drugs for HIV treatment in low-income zones like West Africa has
demonstrated good efficacy and concluded that a dried blood spot (DBS) method might
improve the assessment of ART failure (de Truchis et al., 2016). A simple analytical method
to quantitate drugs with small sample volume is highly desirable, that make it cost effective
and socio-economically acceptable method. Several assays have been reported for the
quantification of TFV, FTC, EVG, and RPV as an individual assay/combinations of these
drugs in plasma (Aouri et al., 2013, Delahunty et al., 2009, Gomes et al., 2008, Illamola et
al., 2016, Parsons & Marzinke, 2016, Penchala et al., 2016, & Prathipati et al., 2016). Since
plasma processing is tedious, time-consuming and requires high sample volume, dried blood
spot methodology is advantageous (Li & Tse, 2010). DBS methods for simultaneous
quantification of TFV and FTC were previously reported (Waitt et al., 2017, & Zheng et al.,
2014) but a simultaneous quantification of TFV, FTC, EVG, and RPV has not been reported
yet.

Our group has been working on different combinations of TFV prodrug, FTC, and EVG or
RPV nanoformulations for sustained release to determine the pharmacokinetics (PK) in
humanized mice model. We have previously reported a high throughput method for
simultaneous quantification of these analytes along with dolutegravir in plasma and mouse
tissues (Prathipati et al., 2016). Since we are working on the small animal model, the sample
volume is a challenge for bioanalysis, especially for PK and efficacy studies. It would be
ideal to use the same sample to assay drug concentrations and viral load, we have developed
and validated a simple DBS method to accommodate both the assays using the same sample.
The validated method was applied to PK study.

2. Materials and methods

2.1. Chemicals and reagents

TFV reference standard was purchased from United States Pharmacopeia, (Rockville, MD).
FTC, EVG and RPV reference standards were purchased from Sequoia, Pangbourne, United
Kingdom. Labelled internal standards (TFV-dg, FTC-13C,15N,, EVG-dg and RPV-dg) were
purchased from Toronto Research Chemicals Inc., Canada. Milli-Q water was obtained from
in-house Milli-Q water purification system, Millipore, USA. LC-MS grade methanol,
acetonitrile, and formic acid were purchased from Fisher Scientific, USA. Whatman 903
protein saver DBS cards were purchased from GE Healthcare, Cardiff, UK.

2.2. Instrumentation

An Exion HPLC system (Applied Biosystems, Foster City, CA, USA) coupled with AB
Sciex API 5500 Q Trap with an electrospray ionization (ESI) source (Applied Biosystems,
Foster City, CA, USA) was used. The LC-MS/MS system was controlled by Analyst 1.6.3
software.
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2.3. Preparation of calibration curve and quality control standards

FTC, EVG, RPV and internal standards (TNF-dg, FTC-13C,15N,, EVG-dg and RPV-dg)
stock solutions were prepared in methanol. TFV stock solution was prepared in
water:methanol (80:20, v/v). All stock solutions were prepared at 1 mg/mL concentration.
The working standard solutions were prepared in water:methanol (50:50, v/v) from stock
solution and used to prepare the calibration and quality control samples. Internal standard
(1S) spiking solution was prepared in methanol.

An eight-point calibration curve was prepared by spiking the previously screened blank
human blood with a corresponding working standard solution not exceeding 5% v/v. The
calibration curve ranged from 10 to 2000 ng/mL for all the analytes. Similarly, quality
control samples were prepared at four concentrations 10 (LLQC) 30 (LQC), 900 (MQC) and
1800 ng/mL (HQC). DBS samples were prepared by spotting 25 uL of whole blood
contained either standard or QC onto Whatman 903 protein saver cards. After spotting, the
cards were allowed to dry overnight. Once dried, the cards were placed in plastic bags with
desiccant sachets and stored at room temperature, —20°C and —80°C.

2.4, Sample processing

A 3 mm diameter disk was punched out from the blood spots for extraction and placed into a
microcentrifuge tube. An aliquot of 500 pL of methanol containing internal standards was
added to each tube. Samples were sonicated for 15 min and centrifuged for 5 min at 14000
RPM. An aliquot of 450 L supernatant was transferred into a tube and evaporated using
nitrogen to dryness at 40°C. The dried residue was reconstituted with 100 pL 50%
acetonitrile, centrifuged, transferred into autosampler vials and 10 pL was injected into LC-
MS/MS for analysis.

2.5. Liquid chromatography and mass spectrometry conditions

We used the similar chromatographic conditions that we previously reported (Prathipati et
al., 2016). A Restek Pinnacle DB Biph (2.1mm x 50mm, 5um) column with isocratic mobile
phase consisting of 0.1% formic acid in water (A) and 0.1% formic acid in acetonitrile (B)
(45:55 v/v) at a flow rate of 0.250 mL/min was used. The APl 5500 Q Trap mass
spectrometer was operated in positive multiple reaction monitoring (MRM) mode. The mass
spectrometer transitions (precursor/product) were: TFV (288.0/176.2), FTC (248.1/130.1),
EVG (448.2/344.1), RPV (367.2/195.1), TFV-IS (293.9/182.3), FTC-IS (251.1/133.1),
EVG-IS (454.2/350.1) and RPV-IS (373.2/195.1). The source temperature, ion spray
voltage, and gas pressures were optimized through flow injection analysis (FIA) by infusing
mobile phase using LC. The source temperature, ion spray voltage and gas pressures (GS1
and GS2) were set at 550°C, 5500V, 55 and 60 psi respectively. The retention times were
0.6, 0.6, 2.0 and 1.98 for TFV, FTC, EVG and RPV respectively. The total run time for each
sample was 4 min.

2.6. Method Validation

The fundamental parameters for bioanalytical method validation in plasma/tissue are
selectivity, matrix effect, accuracy, precision, recovery, dilution integrity, and stability. As
such there are no guidelines for the validation of DBS method, however, the most important
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factors that have potential to affect DBS outcome are hematocrit (HCT), spot volume and
punch location which should be evaluated for uncompromised performance of the DBS
method. A full validation was performed in accordance with FDA guidelines (US
Department of Health and Human Services, 2001) and widely accepted reported
methodologies (Li & Tse, 2010, & Spooner, 2009).

2.6.1. Selectivity—Selectivity was evaluated to determine the interference arising from
matrix and DBS card by analyzing six different sources of human blood samples spotted on
DBS cards. The method was considered selective when the peak area at the retention time of
analyte(s) was less than 20% of the LLOQ of respective analyte(s).

2.6.2. Matrix effect and extraction recovery—Three sets of samples were prepared.
Set-A: neat standards of LQC, MQC and HQC were prepared in 50% acetonitrile that has
the same concentration as that of respective post extracted QC sample. Set-B: six replicates
each of blank plasma spiked at LQC, MQC and HQC level were extracted. Set-C: eighteen
blank samples were extracted and reconstituted with neat standards (Set-A) at LQC and
MQC and HQC level six each. For matrix effect peak area from Set-C were compared with
Set-A. For relative extraction recovery peak areas of Set-C were compared with Set-B. For
absolute extraction recovery (process efficiency) peak areas of Set-B were compared with
Set-A. For the preparation of neat standards, the blood volume of 3 mm disk was determined
by surface area approach. The surface area of 25 uL dried blood spot (average diameter was
9 mm) and 3 mm spot were calculated and blood volume (2.78 pL for 3 mm spot) was
estimated. An estimated blood volume was used to prepare neat standard to match post
extracted sample concentration.

2.6.3. Calibration curves—L.inearity was evaluated by analyzing three calibration curves
having eight non-zero standards, zero sample (with IS) and blank (No IS) on different days
in the range 102000 ng/mL for all the analytes. The linear regression with 1/x2 weighting
factor was used for back-calculation of analyte concentrations. The acceptance criteria for
calculated concentration was £15% of the theoretical value, except for LLOQ where £20%
was considered acceptable. The acceptance criteria for correlation coefficient was = 0.9900.

2.6.4. Precision and accuracy—Intra-assay and inter-assay precision and accuracy were
determined using six replicates each at four concentration levels. Three different batches
were run along with calibration curves. The inter-assay and intra-assay precision were
expressed as coefficient of variation (%CV) and accuracy was expressed as a relative error
(i.e. % deviation between theoretical and measured concentrations). The acceptance criteria
for precision and accuracy were <15% and +15% respectively.

2.6.5. Dilution integrity—Dilution integrity was evaluated by extracting six replicates of
DBS spot spiked with 4000 ng/mL and blank samples with IS. Post extraction, spiked
sample was diluted with blank (with IS) at 1:3 and 1:9 ratios and dilution factors were
applied to back-calculated concentrations.

2.6.6. Influence of hematocrit—Three different hematocrit (35, 50 and 70%) blood
samples were prepared in-house by adding or removing plasma to the whole blood.
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Hematocrits were measured using a microhematocrit centrifuge and capillary reader
(Damon, MS). These blood samples were spiked with LQC and HQC, spotted, dried and
extracted in triplicate. The back-calculated concentrations of these QC’s were measured
from calibration curve made of HCT 50%. The relative error of £15% and precision of
<15% was considered acceptable.

2.6.7. Influence of spot volume—Fifty microliter spots at LQC and HQC were made
and extracted in triplicate. The concentrations of these QC’s were measured from calibration
curve made of the 25uL spot. The relative error of £15% and precision of <15% was
considered acceptable.

2.6.8. Influence of punch location—Punches from edges of LQC and HQC were
extracted in triplicate and compared the peak area ratios with punches from the center of the
spot. Also, concentrations were back-calculated from calibration curve made of center
punched. The % difference/relative error within £15% and precision of <15% were
considered acceptable.

2.6.9. Stability experiments—Stability of analytes was tested to determine the effect of
conditions that were expected to be encountered during sample handling and analysis. For
benchtop stability, spiked dried blood spots were kept on benchtop at room temperature for
20 h before processing. For freeze-thaw stability, spiked quality control samples were
exposed to 3 freeze thaw cycles before processing. For processed sample stability, extracted
quality control samples were transferred to autosampler vials and kept at room temperature
for 26 h before analysis. For long-term stability evaluation, quality control samples stored at
—-80°C for 4 months were used. Reinjection reproducibility of the assay was determined by
reinjecting the accepted precision and accuracy run. Six replicates of LQC and HQC at each
level were tested for all stability experiments. The stability sample concentrations were
back-calculated from freshly spiked and processed calibration curve. The relative error of
+15% and precision of <15% was considered acceptable for stability QC’s.

2.7. Application

A pharmacokinetic study in female hu-NSG mice (Jackson Laboratory, Bar Harbor, MA)
administered SubQ with FTC+EVG NPs (200 mg/kg) in 1 mL D5W. At specific times (1, 4
and 12 hours post-administration), mice (n=3/time point) were euthanized. Blood was
collected in sodium heparin Vacutainers and 25 uL was spotted on to Whatman 903 protein
saver card. DBS cards were allowed to dry overnight. Once dried, the cards were placed in
plastic bags with desiccant sachets and stored at —80°C until analysis. Plasma was separated
and tissues were collected and stored at —80°C for FTC and EVG concentration
measurement by liquid chromatography-tandem mass spectrometry (LC-MS/MS). The non-
compartmental analysis was performed using WinNonlin (Certara Inc., Princeton, NJ).
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3. Results and Discussion

3.1. Method Development

The primary objective of this method is to develop a sensitive and rugged method for the
simultaneous quantification of selected antiretroviral drugs to support pharmacokinetic and
in-vivo efficacy study of nanoformulated combination antietroviral drugs in mice. It is ideal
to measure the drug concentration and viral load from the same sample. Due to the limited
volume of the blood sample from mice, it is challenging to use the same sample for
measurement of drug concentration and viral load. Hence we have developed, validated a
DBS method and successfully applied it to a pharmacokinetic study in mice. We have
previously reported a simultaneous method for quantification these analytes along with
dolutegravir in plasma and tissues (Prathipati et al., 2016). The similar chromatographic
separation was utilized for this method. Since the sample volumes used for DBS are very
low compared to plasma method, a higher sensitive mass spectrometer was used.

Since the chromatographic and mass spectrometric conditions were optimized to yield better
sensitivity, extraction optimization was carried out with different extraction solvents like
acetonitrile, methanol, acidified acetonitrile/methanol and a mixture of water-acetonitrile/
methanol were tested. Among all the tested extraction solvents, extraction efficiency was
good with methanol. The volume of extraction solvent and duration of sonication were also
optimized to obtain better recovery. For all the analytes desired sensitivity was achieved with
10uL injection volume and less runtime of 4 minutes.

3.2. Method validation

The method is selective for analytes tested as the interference observed at the retention times
of analytes in blank samples was less than 20% of lower limit of quantification. The
representative chromatograms of LLOQ and unknown sample are presented in Fig. 1. The
mean % matrix effects were 103.21%, 97.44%, 97.11% and 99.62% with %CV values
between 2.1 to 6.9% and mean relative recoveries were 50.1%, 56.0%, 76.1% and 74.8%
with %CV values between 3.4 to 8.3% for TFV, FTC, EVG and RPV respectively. The mean
absolute recoveries (process efficiencies) were for TFV, FTC, EVG and RPV were 52.4%,
52.8%, 73.4% and 74.1% with %CV values between 2.2 to 7.6%. The low absolute and
relative recoveries even without significant matrix effect could be attributed to drug binding
to cellulose and/or over estimation of blood volume in 3 mm punch for neat solution
preparation.

The three calibration curves had a correlation coefficient greater than 0.9961 for all the four
analytes. The mean relative error for all the calibration standards was in the range of —8.9 to
9.7,-8.1t0 7.6, -6.1to 7.7, and —3.3 t0 5.6 for TFV, FTC, EVG and RPV respectively. The
results of calibration curve are summarized in Table 1. The results of inter and intra-assay
precision and accuracy for all the four analytes were within the acceptable limits,
%CV<15% and %RE, 100+15% at each concentration level. The results of precision and
accuracy are presented in Table 2. The ability to dilute samples above the upper limit of
quantification was verified by diluting samples four-fold and ten-fold, the bias and precision
values were less than the pre-defined acceptance limits of 15%.
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DBS samples stored on bench top for 20 h, freeze-thaw (3 cycles) and processed samples
stored at ambient temperature were stable for 26 h. No significant difference in %RE was
observed on reinjection of accepted analytical precision and accuracy run. Long-term
stability samples stored at —20°C and —80°C for 4 months had % difference within + 7.2%
of control (fresh) samples. All the stability sample results, % RE were within 85 to 115%
and %CV<15%.

The DBS specific validation experiments, spot volume, punch location and influence of
hematocrit yielded valuable information that could translate the applicability of this method
for in-vivo studies. The mean calculated concentrations (n=6) of tested quality control
standards for all the analytes at both the concentrations (LQC and HQC) were within the
predefined acceptance limits for spot volume and punch location. The concentrations of
quality controls were increasing with increase in hematocrit for all the analytes (Fig. 2). The
blood-to-plasma ratios of TFV, FTC, EVG and RPV are 0.58, 1, 0.73 and 0.65 (De Sousa
Mendes, 2016, Center for Drug Evaluation and Research, Application Number:
2031000rig1s000, & USFDA Label, Reference ID: 4184673). Theoretically, drugs with
blood-to-plasma ratio in the range 0.55-0.60 with high protein binding do not partition into
erythrocytes (Emmons, 2010). The less protein binding of tenofovir and emtricitabine and
partitioning to blood cells could be the underlying cause for the increase in concentration
with increase in hematocrit. Whereas elvitegravir and rilpivirine have high protein binding,
blood plasma ratios less than 1 and still has a non-significant effect on quantification at the
hematocrit levels tested. It is worth noting to take the difference in spot size with HCT,
blood-to-plasma ratio and RBC-to-plasma ratios into consideration to understand the
increase of drug concentrations with increase in HCT for these drugs and also in general for
DBS method development. The results of hematocrit are presented in Table 3.

3.3. Application and correlation of DBS vs Plasma methods

This method was successfully applied to study the pharmacokinetic profile of antiretroviral
drugs formulated into nanoparticles. The correlation between DBS and plasma methods was
studied using the same blood sample for DBS and plasma. Plasma samples were analyzed
using the previously published method (Prathipati et al., 2016) with the exception of
instrument used, API 5500 Q Trap was employed. Linear regression analysis (Fig. 3) has
demonstrated good agreement between DBS and plasma for FTC and EVG. The coefficients
of determinations (r2) were 0.9888 and 0.7697 for FTC and EVG respectively.

3.4. Significance over other reported methods

There are two reported methods for quantification of tenofovir and emtricitabine in dried
blood spots (Waitt et al., 2017, & Zheng et al., 2014). Both the methods have longer time run
time (=6 mins) than our method (4 mins). Zheng et al. has used isocratic mobile phase with
high aqueous content (99.5% v/v) and Waitt et al. has used gradient program starting at 95%
v/v aqueous phase, whereas we have used isocratic mobile phase with 45 % aqueous which
is highly compatible for mass spectrometer. We have quantified elvitegravir and rilpivirine,
which is unique compared to reported methods.
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4. Conclusion

The developed method for simultaneous quantification of TFV, FTC, EVG, and RPV in DBS
was demonstrated to be accurate, precise and rugged. The DBS specific validation
parameters like hematocrit, spot volume, and punch location have demonstrated that this
method can be used as an alternative to plasma. The correlation between DBS and plasma
was demonstrated for emtricitabine and elvitegravir in unknown samples. This method can
be conveniently applied to current human trials on a combination of these drugs, especially
in low-income countries.
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Abbreviations

ART Antiretroviral therapy

D5W 5% dextrose in water

DBS Dried blood spot

EVG Elvitegravir

FTC Emtricitabine

HCT Hematocrit

HIV Human immunodeficiency virus

HPLC High performance liquid chromatography
HQC High quality control

IS Internal standard

LC-MSMS Liquid chromatography-tandem mass spectrometry
LLOQ Lower limit of quantification

LLQC Lower limit quality control

LQC Low quality control

MQC Mid quality control

NP Nanoparticle

PK Pharmacokinetic

PrEP Pre-exposure prophylaxis
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QC Quality control
RPV Rilpivirine

TDF Tenofovir disoproxil
TRV Tenofovir
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Fig. 1.
Representative chromatograms of LLOQ and unknown sample. Extracted LLOQ of TFV (a),

FTC (b), EVG (c) and RPV (d). Extracted unknown of FTC (e) and EVG (f).
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Fig. 2.

Hematocrit effect on TFV, FTC, EVG and RPV. (Black dots represent the measured
concentration of LQC and HQC at 35, 50 and 70% hematocrit values).
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Fig. 3.

Correlation of DBS vs plasma concentration of FTC (a) and EVG (b).
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Table 1
Summary of calibration curves
TRV FTC EVG RPV
Calibration curve range 10 to 2000 ng/mL

Inter-assay Accuracy (% RE) (n=3) -89t09.7 -8.1to76 -6.1t07.7 -3.3t05.6

Inter-assay Precision (% CV) (n=3) 0.5t08.1 0.07t08.2 0.19t04.2 1.11t04.8

Correlation coefficient (r) >0.9961 >0.9978 >0.9988 > 0.9985
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Table 2

Summary of precision and accuracy of DBS method.

TFV FTC EVG RPV
LLQC 10 ng/mL
Intra-assay Accuracy (% RE) (n=6) 4.19 1.92 -0.49 181
Intra-assay Precision (% CV) (n=6)  4.43 7.84 8.47 6.54
Inter-assay Accuracy (% RE) (n=18) -0.33 2.88 4.09 4.35
Inter-assay Precision (% CV) (n=18) 7.68 8.11 10.6 4.22
LQC 30 ng/mL
Intra-assay Accuracy (% RE) (n=6) 4.78 2.89 -3.46 168
Intra-assay Precision (% CV) (n=6) 3.52 6.55 7.52 5.45
Inter-assay Accuracy (% RE) (n=18) 1.25 5.76 -0.12 202
Inter-assay Precision (% CV) (n=18) 7.24 8.03 6.65 4.19
MQC 900 ng/mL
Intra-assay Accuracy (% RE) (n=6) -473 135 -8.89 -1.40
Intra-assay Precision (% CV) (n=6)  6.41 5.02 5.01 4.03
Inter-assay Accuracy (% RE) (n=18) -6.46 -4.22 -9.04 -4.01
Inter-assay Precision (% CV) (n=18) 6.63 7.62 6.75 6.67
HQC 1800 ng/mL
Intra-assay Accuracy (% RE) (n=6) -257 223 -3.58 0.12
Intra-assay Precision (% CV) (n=6) 7.14 7.41 1.19 2.40
Inter-assay Accuracy (% RE) (n=18) -5.12 0.56 -3.21 0.63
Inter-assay Precision (% CV) (n=18) 7.64 4.82 2.02 3.15
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