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ARTICLE INFO ABSTRACT

Keywords: Introduction: Remdesivir (GS-5734) is a nucleoside analog prodrug with antiviral activity against several single-
SARS-CoV-2 stranded RNA viruses, including the novel severe respiratory distress syndrome virus 2 (SARS-CoV-2). It is
Remdesivir

currently the only FDA-approved antiviral agent for the treatment of individuals with COVID-19 caused by SARS-
CoV-2. However, remdesivir pharmacokinetics/pharmacodynamics (PK/PD) and toxicity data in humans are
extremely limited. It is imperative that precise analytical methods for the quantification of remdesivir and its
active metabolite, GS-441524, are developed for use in further studies. We report, herein, the first validated anti-
viral paper spray-mass spectrometry (PS-MS/MS) assay for the quantification of remdesivir and GS-441524 in
human plasma. We seek to highlight the utility of PS-MS/MS technology and automation advancements for its
potential future use in clinical research and the clinical laboratory setting.

Methods: Calibration curves for remdesivir and GS-441524 were created utilizing seven plasma-based calibrants
of varying concentrations and two isotopic internal standards of set concentrations. Four plasma-based quality
controls were prepared in a similar fashion to the calibrants and utilized for validation. No sample preparation
was needed. Briefly, plasma samples were spotted on a paper substrate contained within pre-manufactured
plastic cassette plates, and the spots were dried for 1 h. The samples were then analyzed directly for 1.2 min
utilizing PS-MS/MS. All experiments were performed on a Thermo Scientific Altis triple quadrupole mass
spectrometer utilizing automated technology.

Results: The calibration ranges were 20 — 5000 and 100 - 25000 ng/mL for remdesivir and GS-441524,
respectively. The calibration curves for the two antiviral agents showed excellent linearity (average R? =
0.99-1.00). The inter- and intra-day precision (%CV) across validation runs at four QC levels for both analytes
was less than 11.2% and accuracy (%bias) was within + 15%. Plasma calibrant stability was assessed and
degradation for the 4 °C and room temperature samples were seen beginning at Day 7. The plasma calibrants
were stable at —20 °C. No interference, matrix effects, or carryover was discovered during the validation process.
Conclusions: PS-MS/MS represents a useful methodology for rapidly quantifying remdesivir and GS-441524,
which may be useful for clinical PK/PD, therapeutic drug monitoring (TDM), and toxicity assessment, particu-
larly during the current COVID-19 pandemic and future viral outbreaks.
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Abbreviations: ANOVA, A one-way analysis of variance; AUC, area under the curve; CE, collision energy; CES1, carboxylesterase-1; CES2, carboxylesterase-2; R%,
coefficient of determination; CV, coefficient of variation; DMSO, dimethyl sulfoxide; EC50, half maximum effective concentration; ECMO, extracorporal membrane
oxygenation; H-ESI, heated electrospray ionization; Inc, Incorporated; IRB, institutional review board; IS, internal standard; kV, kilovolts; LC-MS/MS, liquid chro-
matography—mass spectrometry; LLC, Limited Liability Company; LOD, limit of detection; LLOQ, lower limit of quantitation; m/z, mass-to-charge; ug, microgram; pL,
microliter; mL, milliliter; MP, monophosphate; ng, nanogram; PS-MS/MS, paper spray-mass spectrometry; PK, pharmacokinetics; PD, pharmacodynamics; RF, radio
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1. Introduction

The emergence of severe acute respiratory coronavirus 2 (SARS-CoV-
2) in 2019 resulted in an ongoing world-wide pandemic with more than
4.5 million deaths reported as of October 2021 according to the World
Health Organization (WHO), and this number is thought to be drasti-
cally underestimated [1-3]. Remdesivir, also known as GS-5734 (Gilead
Sciences, Inc, Foster City, CA), is the first and only FDA-approved
antiviral drug that has been used as a possible treatment for SARS-
CoV-2, which causes COVID-19. Prior to the SARS-CoV-2 pandemic,
remdesivir had been researched as a treatment for single-stranded RNA
viruses, including several other coronaviruses and ebolavirus [4].
Briefly, remdesivir is a prodrug of an adenosine nucleotide analogue
[5,6]. Remdesivir is metabolized within cells to its alanine metabolite
(GS-704277) followed by formation of GS-441524. GS-441524 then
undergoes rapid phosphorylation into the monophosphate derivative
(GS-441524-MP) followed by formation of the active nucleoside
triphosphate derivative (GS-443902) [6]. The active derivative binds to
the viral RNA-dependent RNA polymerase, which terminates RNA
transcription, thereby inhibiting viral replication [6]. GS-441524, the
nucleoside core of remdesivir, also has some antiviral activity and has
been found to diffuse into cells. In fact, an animal study conducted in
Rhesus monkeys showed that remdesivir was rapidly eliminated with a
short plasma half-life of ~0.4 h with transient emergence of the alanine
intermediate metabolite intracellularly followed by the appearance of
GS-441524 [7]. In addition, the nucleoside triphosphate derivative
forms rapidly and achieves a maximum intracellular concentration in
four hours (half-life = ~16 + 1 h) [7].

Remdesivir has been shown to be beneficial in the treatment of
COVID-19 in a few clinical trials to date. A cohort of 53 patients with
severe symptoms from SARS-CoV-2 infection, receiving remdesivir
through compassionate use, showed clinical improvement with its use;
however, 60% reported adverse events at follow-up [8]. The most
common adverse events reported were increased hepatic enzymes
(23%), diarrhea (9%), rash (8%), renal impairment (8%), and hypo-
tension (8%). In a multicenter, double-blind, randomized, placebo-
controlled clinical trial to evaluate the safety and efficacy of remdesi-
vir in hospitalized adults diagnosed with COVID-19 with evidence of
lower respiratory tract infection, remdesivir was shown to be superior to
placebo in shortening the time to recovery [9]. 131 of 532 patients in the
remdesivir arm (24.6%) were reported to have serious adverse events
while receiving remdesivir. Other clinical trials have been inconclusive
as far as efficacy, but these studies have several limitations [10,11].
Overall, remdesivir efficacy in its treatment of COVID-19 remains a topic
of debate. At present, there are several ongoing clinical trials to study its
efficacy and safety in broader patient populations.

Although remdesivir is an FDA-approved medication for COVID-19,
little is known about its pharmacokinetics and pharmacodynamics (PK/
PD) in humans. The initial PK/PD studies in early phase clinical trials
were conducted in Rhesus monkeys and healthy adults to help deter-
mine dosing and assess safety. In these studies, both remdesivir and GS-
441524 exhibited linear pharmacokinetics following single doses be-
tween 3 mg and 225 mg [12]. In multiple-dose studies of remdesivir
(150 mg once daily for 7 or 14 days), the PK profile was similar to single-
dose administration [12]. There were few reported adverse events in
these healthy human cohorts. There are no PK/PD data available for
individuals infected with COVID-19, nor are there any data available for
other special patient populations, such as children, women who are
pregnant or breast feeding, individuals who are critically-ill, individuals
with renal or hepatic impairment, or individuals requiring dialysis or
extracorporeal membrane oxygenation (ECMO) [13]. As the dosage of
remdesivir for use in COVID-19 was largely derived from in vitro half
maximum effective concentration (EC50) experiments for SARS-CoV-2
and the initial pharmacokinetic studies utilizing healthy adults, the
current dosage regimens may not translate well in COVID-19 patients
and special patient populations due to alterations in pharmacokinetics
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[12]. With the lack of PK/PD data in these patients, it is possible that
current dosage regimens may lead to sub-therapeutic concentrations,
which could explain variable study outcomes [8-11]. Another signifi-
cant concern is toxicity, as severe adverse events have been frequently
reported with remdesivir [8-11,14]. In particular, drug-drug in-
teractions, nephrotoxicity, and hepatic toxicity are important safety
concerns. Remdesivir is an ester prodrug, and hydrolysis is required for
its therapeutic activity. It has been confirmed that remdesivir is
hydrolytically-activated by carboxylesterase-1 (CES1) [15]. However,
excessive hydrolysis has been shown to result in severe cytotoxicity by
inhibiting proliferation and enhancing apoptosis, particularly in liver
tissue. In addition, the use of glucocorticoids (commonly-utilized in
individuals with COVID-19) can induce CES1 and further increase
cytotoxic effects [16]. Remdesivir has also been shown to irreversibly
inhibit carboxylesterase-2 (CES2), a major hydrolase, which may further
contribute to other drug-drug interactions [17]. Thus, there is a need to
generate more PK/PD data to optimize dosage strategies, and TDM may
be required to individualize dosing regimens to improve overall efficacy
and safety.

Despite the urgent need, few precise analytical methods for the
quantification of remdesivir and GS-441524 have been described in the
literature [18-23]. The few methods reported have all utilized LC-MS/
MS with protein precipitation sample preparations of varying diffi-
culty and run times ranging from 3 to 10 min. Overall, mass
spectrometry-based approaches are attractive due to their high sensi-
tivity, high specificity, lack of interference, multiplexing capability, low
reagent cost, and high throughput [24]. However, the need for specific
technical expertise, lack of automation, and tedious sample preparation
often hinder implementation within institutional clinical laboratories,
and, hence, patient samples must be shipped to reference laboratories,
which can negatively impact patient care due to lengthy turn-around
times [24,25]. New methods are needed that eliminate some of these
barriers in order to be implemented near the point-of-care.

Paper spray (PS), an ambient ionization technique, is an ideal
method for qualitative and quantitative analysis, as it allows for the
direct analysis of complex biological samples [26-28]. Briefly, a small
sample volume (<10 uL) is spotted onto a pointed paper substrate and
allowed to dry for 1 h. Analyte ions are generated directly from the dried
spot via application of a spray solvent (30-200 pL) and a high voltage (3
kV-5 kV) while the sharp tip of the paper is in close proximity to the inlet
of an unmodified mass spectrometer. The gas-phase ions then enter the
mass spectrometer for analysis [29]. Paper spray-mass spectrometry
(PS-MS/MS) assays have been developed for clinical drug measurements
including immunosuppressives [30,31], anti-microbials [32,33], cancer
drugs [34,35], and others [36-39]. PS-MS/MS has several advantages
when compared to liquid chromatography — mass spectrometry (LC-MS/
MS) methods, including no sample preparation, elimination of chro-
matography instrumentation, lower solvent consumption, lower sample
volumes, and faster turnaround times [28-31,39,40]. Overall, there is
less need for significant expertise to operate and troubleshoot the
instrumentation, and the lack of sample preparation is beneficial to the
clinical laboratory workflow. In addition, there have been strides made
in the development of automated PS systems and plug-and-play software
for ease of use. Herein, we present the first validated PS- MS/MS method
for the simultaneous quantitation of remdesivir and its active nucleoside
core, GS-441524, in plasma samples. Experiments were carried out on
an automated system utilizing the Thermo Scientific Verispray paper
spray source with plate-loading magazine unit and Altis triple quadruple
mass spectrometer. This method provides a suitable alternative to the
few reported LC-MS/MS methods for TDM and multiple-dose pharma-
cokinetic studies.



C. Skaggs et al.

2. Materials and methods
2.1. Chemicals and reagents

Analytical-grade acetonitrile, dimethyl sulfoxide (DMSO), methanol,
and water were purchased from Fisher Scientific (Pittsburgh, PA, USA).
Formic acid was purchased from Sigma Aldrich (St. Louis, MO, USA).
Remdesivir and GS-441524 were purchased from Cayman Chemical, Inc
(Ann Arbor, MI, USA). GS-441524-13C5 was purchased from Cambridge
Isotope Laboratories, Inc (Tewksbury, MA, USA) Remdesivir-D5 and GS-
704277 were purchased from MedChemExpress, LLC (Monmouth
Junction, NJ, USA). Captisol was purchased from VWR International,
LLC (Radnor, PA, USA).

2.2. Sample preparation

Individual 1 mg/mL stock solutions of remdesivir and GS-441524
were prepared in DMSO. Seven spiking solutions were prepared (SS1 —
7) in methanol. The concentrations were as follows: 100 pg/mL (SS1),
50 pg/mL (S52), 10 pg/mL (SS3), 4 pg/mL (SS4) 2 pg/mL (SS5), 1 pg/mL
(SS6), 200 ng/mL (SS7) for remdesivir and 500 pg/mL (SS1), 250 pg/mL
(SS2), 50 pg/mL (SS3), 20 pg/mL (SS4) 10 pg/mL (SS5), 5 pg/mL (SS6),
2 pg/mL (SS7) for GS-441524. Stock and spiking solutions were stored at
—20 °C until use. Plasma calibrants were prepared by spiking a 95 pL
aliquot of plasma with 5 pL of the corresponding spiking solution
(SS1-SS7) to make final plasma concentrations of 5000 ng/mL, 2500
ng/mL, 500 ng/mL, 200 ng/mL, 100 ng/mL, 50 ng/mL, 20 ng/mL and
25000 ng/mL, 12500 ng/mL, 2500 ng/mL, 1000 ng/mL, 500 ng/mL,
250 ng/mL, 100 ng/mL for remdesivir and GS-441524, respectively.
Remdesivir-D5 and GS-441524-13C5 were dissolved in DMSO to make
stock solutions of 5 mg/mL and 1 mg/mL, respectively. An internal
standard spiking solution was prepared in methanol with final concen-
trations of 40 pg/mL for remdesivir-D5 and 200 pg/mL for GS-441524-
13C5. Then, 5 uL of the internal standard (IS) spiking solution was
spiked into each plasma calibrant with final IS concentrations of 200 ng/
mL for remdesivir-D5 and 1000 ng/mL for GS-441524-13C5. After
preparation, samples were spotted onto the paper substrate (8 pL) and
allowed to dry under ambient conditions for 1 h.

Internal quality controls (QCs) were prepped similarly to the plasma
calibrants. Spiking solutions were prepared as follows: 100 pg/mL
(QCSS1), 10 ug/mL (QCSS2), 5 pg/mL (QCSS3), 1.6 ug/mL (QCSS4) and
500 pg/mL (QCSS1), 50 ug/mL (QCSS2), 25 ug/mL (QCSS3), 8 pg/mL

Table 1
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(QCSS4) for remdesivir and GS-441524, respectively. QCs were stored
under the same conditions as their plasma calibrant counterparts. The
QCs were prepared by spiking a 95 pL aliquot of plasma with 5 L of the
corresponding spiking solution (QCSS1 — QCSS4) to make final plasma
concentrations of 5000 ng/mL, 500 ng/mL, 250 ng/mL, 80 ng/mL and
25000 ng/mL, 2500 ng/mL, 1250 ng/mL, 400 ng/mL for remdesivir and
GS-441524, respectively. Then, 5 pL of the IS spiking solution were
spiked into each plasma QC as was done with the plasma calibrants. The
final IS concentrations in the plasma QCs were 200 ng/mL for
remdesivir-D5 and 1000 ng/mL for GS-441524-13C5, respectively.
Samples were spotted onto the paper substrate (8 uL) and allowed to dry
for 1 h.

For the degradation studies, two separate sets of plasma QCs and
plasma calibrants were prepared according to the procedures stated
above. The first set of QCs were spotted onto the paper substrate of the
pre-made plastic cassette plates, allowed to dry for 1 h, covered, and
stored at three different temperatures, 22 °C, 4 °C, and —20 °C. The
second set of QCs was aliquoted into three separate sets of vials, and
stored under the three different temperature conditions. Samples were
then run on days 0, 7, 14, and 21 to assess stability of the dried spot and
plasma calibrants.

2.3. Paper spray mass spectrometry assay development

Mass spectrometric conditions were optimized using continuous
infusion of remdesivir, remdesivir-D5, GS-441524, and GS-441524-
13C5 into a Thermo Scientific heated electrospray ionization (H-ESI)
source by a syringe pump. Selected reaction monitoring (SRM) transi-
tions for all analytes were selected accordingly and are listed in Table 1.
All conditions and SRMs were confirmed via PS-MS/MS prior to moving
forward with validation.

Paper spray (PS) was performed utilizing pre-made plastic cassette
plates containing Whatman grade 31ET chromatography paper pur-
chased from Thermo Fisher Scientific (Product number: VSSP1-10000;
San Jose, CA, USA). An automated PS source, Verispray (San Jose, CA,
USA), with a plate-loading magazine unit was coupled to a Thermo
Fisher Scientific TSQ Altis triple quadrupole mass spectrometer (San
Jose, CA, USA). A solvent mixture of 90%:10% acetonitrile:water with
0.1% formic acid was utilized as the spray solvent. Formic acid was
included to aid in ionization through protonation. Optimized mass
spectrometry parameters were as follows: 270 °C capillary temperature,
4300 V spray voltage, positive ion mode, and no sheath or auxiliary gas.

The analytes and stable isotopic internal standards investigated, molecular formulas, parent ions (m/z), fragment ions (m/z), RF lens values, and collision energy (CE)

parameters. The quantifier fragment ion is shown in bold.

Compound Formula Parent Ion (m/z) Fragment ions (m/z) Collision Energy (V) RF Lens (V)
Remdesivir Cy7 H3sNgOgP 603 200 38 91
229 21
318 20
402 16
Remdesivir-D5 Ca7H30DsNgOgP 608 205 38 74
229 27
407 14
323 21
GS-441524 C12H13N504 292 202 13 103
147 31
163 26
173 26
GS-441524-13C5 C,['3Cs]H;3N504 297 204 13 74
148 31
164 26
174 26
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The instrument was operated in SRM mode with a dwell time of 98 ms.
The automated Verispray source parameters were sample rewetting A: 1
(10 pL), spray solvent B: 15 (150 pL). Sample run time was 1.2 min.

2.4. Method validation

Validation procedures utilized FDA guidelines for bioanalytical
method validation as a framework where each analytical run consisted
of plasma calibrants, internal QCs, blanks with internal standard, and
double blanks without internal standard [41]. Calibration curves were
run in duplicate, one at the beginning and one at the end of each
experimental run. Assay linearity was assessed utilizing seven plasma-
based calibrants. The calculated limit of detection (LOD) was defined
as three times the standard error of the intercept divided by the slope (3*
(standard error of the intercept/slope)). The calculated lower limit of
quantitation (LLOQ) was defined as ten times the standard error of the
intercept divided by the slope (10*(standard error of the intercept/
slope)). The measured LLOQ is representative of the QCs with the lowest
concentration. Two or more replicates of each QC were performed per
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analytical run. More than 67% of all QCs and 50% of QCs at each con-
centration level had to meet the acceptance criterion of a difference of <
25% of the known nominal concentration for the analytical run to be
considered valid. Plasma blanks with internal standard and plasma
double blanks were used to assess the carryover and blank signal.
Relative matrix effects were assessed using a method developed by
Matuszewski, et al., by preparing calibration curves in multiple six donor
lots of plasma and assessing the overall variation of the calibration
slopes across the donor lots [42].

2.5. Assessment of Endogenous, exogenous and metabolic interferences

Hemolysis was assessed in accordance with established protocols
[43]. Briefly, fresh drug-free whole blood was shaken vigorously and
stored at —20 °C for 30 min. Hemolyzed blood was spiked into blank
plasma to create two test groups consisting of 0.5% and 2% hemolyzed
plasma. High and low concentration QCs utilizing plasma from the two
test groups were prepared, and three replicates were run in duplicate
and analyzed as described earlier. To be considered negligible, the
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Fig. 1. Representative PS-MS/MS chronograms and spectra data for remdesivir and GS-441524. Left column shows the extracted ion chronograms for the [H + ]
adducts of remdesivir (A), SIL remdesivir internal standard (B), GS-441524 (C), and SIL GS-441524 internal standard (D). Right column shows the stick SRM spectra

for the quantifier and confirmatory fragment ions to show expected ion ratios.
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difference in nominal concentration between hemolyzed and non-
hemolyzed samples had to be < 25% for all analytes. Drug-free icteric
and lipidemic plasma samples were collected from the Indiana Univer-
sity Health Pathology Laboratory and stored at —20 °C until use. QCs at
the high and low levels were prepared in three separate lipidemic
samples and three separate icteric samples and run in duplicate. QCs
prepared in normal plasma were used as the control. To be considered
negligible, lipidemic and icteric samples had to meet precision and ac-
curacy acceptance criteria of < 25% for all analytes.

To assess exogenous interference and metabolic interference, five
replicates of a 1 ug/mL solution of Captisol, a cyclodextrin additive, or
GS-704227, a known metabolite, was spiked into blank plasma. To
assess interference from these molecules, an unequal variance two-
sample t-test was run to compare the double blank to the spiked sam-
ple containing the interferent. Interference was not deemed statistically
significant if the two-tailed p-value was greater than 0.05.

2.6. Identification and acceptance criteria

Identification can be confirmed when the ratio between the analyte
quantifier and qualifier (confirmatory) SRM ions, averaged over the
entire scan time, are within + 25% of the expected value. For sample
acceptance, the internal standard analyte area under the curve (AUC)
should be within two standard deviations of the mean to pass. A batch is
considered valid when the coefficient of determination (R?) for the
calibration curves is greater than 0.98, and more than 67% of all QCs
and 50% of QCs at each concentration level meet the acceptance crite-
rion of being < 25% of the known nominal concentration.

2.7. Data acquisition and quantitation

The time required per sample analysis was 2.2 min, which included
on-paper extraction (1 min) and the data collection period (1.2 min).
SRM of the chosen quantifier ion was utilized for quantitation while the
other transitions were used as qualifier, or confirmatory, ions. Chrono-
grams and resulting SRM spectra showing the fragment quantifier and
confirmatory ions are pictured in Fig. 1. Briefly, the AUC of the analyte
quantifier fragment ion over the course of the analysis time was deter-
mined utilizing automatic peak integration. The AUC of the analyte
quantifier fragment ion was divided by the AUC of the corresponding IS
quantifier fragment ion to obtain the peak area ratio. The peak area
ratios were then plotted against their known concentration to generate a
calibration curve. No background subtraction was performed as it is
substantially less than the analytical signal within the measurement
range and has a negligible effect. A calibration curve was constructed by
weighted linear regression from calibration standards analyzed within
the same batch and used for calculation of all QCs for that batch.

2.8. Data processing and statistical analysis

Data analysis was performed utilizing Tracefinder v3.3 (Thermo
Fisher Scientific Inc, San Jose, CA, USA). The calibration curves were
calculated using 1/x weighted linear least squares [44]. All statistics
were performed utilizing Minitab (Minitab Inc, State College, PA, USA)
or Excel (Microsoft Corporation, Redmond, WA, USA).

2.9. Institutional review board approval

All lipidemic and icteric plasma samples utilized in the endogenous
interference study were obtained from the Indiana University Health
Pathology Laboratory. These remnant human samples were de-
identified prior to use and handled in accordance with Institutional
Review Board (IRB) protocol #2008090461.
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Results
3.1. Method optimization

An extraction/spray solvent composition of 90% acetonitrile and
10% water with 0.1% formic acid was found to be optimal to generate
signal with maximum intensity and stability for remdesivir and GS-
441524. The four most intense product ions (1 quantifier ion and 3
qualifier (confirmatory) ions), corresponding collision energies, and
radio frequency (RF) lens values were selected for each analyte during
continuous syringe pump infusion electrospray ionization experiments
(Table 1). The transitions for the quantifier ions were as follows: m/z
603 — 200 for remdesivir, m/z 608 — 205 for stable isotopically-labeled
(SIL) remdesivir internal standard, m/z 292 — m/z 202 for GS-441524,
and m/z 297 — 204 for the SIL GS-441524 internal standard. Optimal
mass spectrometer instrument parameters were also determined during
the electrospray ionization experiments. SRMs and instrument settings
were confirmed utilizing PS-MS/MS prior to validation. An aliquot of
95uL of drug-free plasma for each calibrant was used, which is ideal in
the event smaller sample volumes need to be obtained (e.g., pediatric
individuals, anemia). A sample volume of 8 uL spotted on the paper
substrate was found to be sufficient for this study. The ion source was
programed to deliver the extraction/spray solvent to the plastic cassette
plate at an optimal rate to extract and elute analytes to the tip of the
paper for analysis. A solvent volume of 150 uL. was found to be optimal
for extraction (1 min) and achieving a stable spray throughout the
duration of the analysis (1.2 min).

3.2. Method validation

The success of the validation was assessed by evaluating the line-
arity, limits of detection (LOD), lower limit of quantitation (LLOQ),
accuracy (%bias), precision (%CV), carryover, matrix effects, stability,
endogenous interference, exogenous interference, and metabolic inter-
ference. Fig. 2 represents an overlay of eight calibration curves run over
the course of 30 days for remdesivir and its active metabolite, GS-
441524. The calibration curves were linear over the concentration
range of 20-5000 and 100-25000 ng/mL for remdesivir and GS-441524,
respectively. The average coefficients of determination (R?) for remde-
sivir and GS-441524 were 0.99 and 1.00, respectively, with an average
relative error of the slope of 2% for both analytes (Table 2). The average
calculated LODs for remdesivir and its metabolite, GS-441524, were 16
ng/mL and 83 ng/mL, while the average calculated LLOQs were 54 ng/
mL and 277 ng/mlL, respectively. The measured LLOQs (lowest QC
concentrations) for remdesivir and its metabolite, GS-441524, were 80
ng/mL and 400 ng/mL, respectively.

The accuracy and precision of the assay were assessed by analyzing
seven plasma-based calibrants and four plasma-based quality control
samples ((QC-LLOQ (quality control-lower limit of quantification), QC-
low, QC-middle, and QC-high)) on eight different days. The intra-day
precision (%CV) and accuracy (%bias) were 1.1-6.4% and within +
8.5% for remdesivir and 2.4-8.1% and within + 15% for GS-441524.
The inter-day precision (%CV) and accuracy (%bias) were 8.5-11.1%
and within + 10.1% for remdesivir and 7.8-13.8% and within + 10.8%
for GS-441524. Table 3 shows the inter- and intra-day precision (%CV)
and accuracy (%bias) data over the eight different runs.

Exogenous interference from Captisol, an additive utilized in
remdesivir formulations, and metabolic interference from GS-704227
were evaluated and deemed negligible (p-value = >0.05). Addition-
ally, we analyzed endogenous interference from hemolysis, icterus, and
lipidemia on remdesivir and GS-441524 QC results. Hemolytic, icteric,
and lipidemic samples all passed within the established + 25% accep-
tance criteria, with at least 2/3 of samples in each QC level passing
within + 15%, indicating no interference should be seen for these types
of samples. To assess relative matrix effects, we prepared and evaluated
six different single donor lots of plasma and assessed the variation of the
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Fig. 2. Calibration curve overlay for remdesivir (A) and its active metabolite GS-441524 (B) over the course of 30 days. Data were collected over eight days (two
repeat samples at each level combined to form a single calibration curve per day). Linearity ranged from 0.99 to 1.00.

Table 2
Data were collected over the course of 30 days for eight separate runs. The standard deviation of the calculated LOD is also shown. LOD = 3*(standard error of the
intercept/slope). LLOQ = 10*(standard error of the intercept/slope). The measured LLOQ is representative of the QCs with the lowest concentration.

Target Average Average Rel. Average LOD* (ng/mL) Average LLOQ* Measured LLOQ (ng/mL) EC50 [52-54,57]
R? Error of Slope (ng/mL)
Remdesivir 1.00 1.96% 16 +7 54 80 398 ng/mL" —
16,200 ng/mL’
GS-441524 1.00 1.76% 83 £+ 23 277 400 137 ng/mL* -317 ng/mL*

" Across eight days.
* In vitro experiments were conducted in Calu-3 cell lines.
¥ In vitro experiments were conducted in Vero-E6 cell lines.

Table 3

The intra-day accuracy (%bias) and precision (%CV) of the assay. The values show the median of values obtained across eight days. The inter-day accuracy (%bias) and
precision (%CV) were calculated for every replicate across eight days. %Bias = (grand mean of calculated concentration-nominal concentration/nominal concen-
tration)*100. %CV = (standard deviation/mean)*100. The QC concentrations were 80 ng/mL (QC LLOQ), 250 ng/mL (QC low), 500 ng/mL (QC medium), 5000 ng/
mL (QC high) for remdesivir and 400 ng/mL (QC LLOQ), 1250 ng/mL (QC low), 2500 ng/mL (QC medium), and 25000 ng/mL (QC high) for GS-441524, respectively.

Analyte QC LLOQ QC Low QC Medium QC High

CV (%) Bias (%) CV (%) Bias (%) CV (%) Bias (%) CV (%) Bias (%)
Intra-day
Remdesivir 4.2 8.5 6.4 -3.7 3.2 -6.7 1.1 3.0
GS-441524 8.1 5.1 4.7 —15.0 2.6 -5.5 2.4 —4.1
Inter-day
Remdesivir 11.1 10.1 10.4 —2.2 10.9 -3.7 8.5 4.8
GS-441524 13.8 0.4 12.5 -10.8 7.8 -9.5 8.4 —4.1

calibration slopes (Table 4). The slopes varied by 3% for both remdesivir 3.3. Stability study

and GS-441524, which suggests there were no significant matrix effects

across different plasma lots. Additionally, no carryover was observed The stability of the stock and spiking solutions were evaluated over

during the validation. the course of four months. No degradation was seen in either set of so-
lutions. The plasma calibrants were stable at —20 °C; however, degra-
dation for the 4 °C and room temperature samples was seen beginning at
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Table 4

Average relative error of the slope, LOD, and LOQ for six single donor lots of
plasma for remdesivir and GS-441524. LOD = 3*(standard error of the inter-
cept/slope). LLOQ = 10*(standard error of the intercept/slope).

Target %CV of Average LOD Across 6 Average LLOQ Across 6
Slope donors (ng/mL) donors (ng/mL)
Remdesivir 3% 13 43
GS-441524 3% 81 270
1.5E6
1.0E6
©
o
<<
~
© 5.0E5
o
a
0
Control -20C 4C 22C
Temperature

Fig. 3. Interval plot depicting changes in the peak area based on temperature
condition for remdesivir on Day 14 of the degradation study. Dots represent
mean data for three repeats. Bars represent the 95% confidence interval from
the pooled standard deviation.

Day 7. Fig. 3 shows an interval plot for the peak areas with 95% confi-
dence limits for liquid plasma calibrants at the lowest QC level (QC4)
staged by temperature condition for remdesivir.

A one-way analysis of variance (ANOVA) was performed on the
various QC levels for the different temperature conditions on different
days. This test indicated a significantly significant decrease in peak area
under the curve (AUC) temperature conditions at day 7 (p-value = 0.000
at alpha = 0.05) for the 4 °C and room temperature (22 °C) samples. A
Dunnett’s multiple comparison test was also performed to assess which
temperature groups differed from the control group (—20 °C). Data
indicated that both the 4 °C and room temperature (22 °C) had statis-
tically different peak areas from the control. No degradation was seen
for dried plasma spots regardless of temperature or day.

4. Discussion

Reported herein is the development and validation of the first PS-
MS/MS method quantitating remdesivir and its active metabolite, GS-
441524. The calibration curves for the two analytes showed excellent
linearity (average R? = 0.99 — 1.00) over the course of 30 days evaluated
in eight different runs across the measured ranges. An acceptance
criteria of < 25% for the accuracy and precision of the nominal con-
centrations for QCs was chosen before beginning the validation. Broader
acceptance criteria was set a priori, because this was the first PS-MS/MS
anti-viral assay of its kind, a proof-of-concept study, and therapeutic
windows for remdesivir and GS-441524 are not yet well-established in
vivo. Despite the higher acceptance criterion established at the begin-
ning of the validation, overall precision (%CV) and accuracy (%bias)
were < 15% and within + 15%, highlighting the quantitative capabil-
ities of this method. Of the eight batches run, only QC3 and QC4 on one
batch day for remdesivir and QC3 on two batch days for GS-441524 did
not meet the recommended FDA criteria that 50% of QCs at each con-
centration level should be < 15% of the nominal concentration (< 20%
at the QC-LLOQ); however, they did meet our initial acceptance crite-
rion of < 25%. All data were included as it met our initial acceptance
criterion; however, our data suggest stricter criteria may be used, and it
would be an appropriate adjustment for a cross-validation to further
evaluate the fitness of the assay against clinical samples as more
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information regarding therapeutic windows are established in vivo.

Analytical assays can be susceptible to relative matrix effects arising
from the use of bio-fluids from different individuals. One method to
assess relative matrix effects is by evaluating variability in the slope of
the calibration curve in multiple single donor plasma lots [42]. The
consistency of the calibration slope among different plasma lots assesses
the ability to quantify an analyte in one plasma sample while collecting
calibration curves in different lots of plasma. Assessment of matrix ef-
fects in this manner has been previously used in a PS-MS/MS assays for
citalopram [39] and anti-fungal drugs [33]. The variation in slopes was
3% for remdesivir and GS-441524. This variation arising from matrix
was no greater than normal run-to-run variability and on par with
relative standard deviation; therefore, the assay was deemed to be free
of any relative matrix effects.

In order to avoid under- or over-estimation of the target analytes,
endogenous and exogenous interferences were assessed via analysis of
drug-free plasma from several donors. Hemolytic, icteric, and lipidemic
samples all passed within the established acceptance criteria indicating
no interference should be seen for these types of samples. Assessment of
one possible exogenous interference from Captisol, which is utilized in
remdesivir formulations, did not reveal any interference. Investigation
into other possible exogenous interferents, such as drugs commonly
utilized in patient treatment, is still needed and is a limitation of this
study. Another source of possible interference are labile metabolites of
the parent drug that can fragment in-source to yield the same fragment
ions as the parent drug. The presence of the remdesivir metabolite, GS-
704227, did not reveal interference. Other possible interferents, GS-
441524-MP and GS-443902, were not assessed, because they were un-
available at the time of experimentation and manuscript assembly.

The main products of degradation are likely to be the breakdown of
the prodrug, remdesivir, by plasma esterases to GS-704277 and con-
version of existing or newly-formed GS-704277 to GS-441524 [6]. A
temperature and time study was performed to assess stability of
remdesivir. A one-way analysis of variance (ANOVA) performed on
various QC levels for the temperature conditions on different days
showed a statistically significant difference between temperature con-
ditions on Day 7, indicated by a p-value of 0.000. These findings indi-
cated that degradation could occur if samples are improperly stored. It
also indicated that the same plasma calibrators could potentially be used
for at least a month and still yield accurate quantitative results if stored
at —20 °C. Data indicated that dried plasma spots are stable regardless of
storage conditions for up to a month, meaning that plasma calibrants for
calibration curves could be pre-spotted, dried, and stored for future use.
The SRM transitions for GS-441524 were monitored during the experi-
ment, and there was no increase in peak area to suggest that remdesivir
significantly degraded into this analyte during our study. While degra-
dation of remdesivir is not a concern at —20 °C in our study, degradation
in clinical samples will need to be assessed due to differences in sample
collection, storage, and analysis processes. Results from plasma stability
studies of remdesivir, GS-704277, and GS-441524 conducted by Xiao,
et al., confirmed the need for formic acid as a stabilizing agent upon
clinical sample collection to prevent conversion of remdesivir to GS-
704277 and conversion of GS-704277 to GS-441524 at room tempera-
ture and —4°C [22]. It is recommended that a follow-up study with
remnant clinical samples be conducted during cross-validation to
further assess for possible overestimation of GS-441524 utilizing our
assay.

From a clinical standpoint, the measured lower limits of quantitation
(LLOQs) were well below the effective concentration for 50% in vitro
inhibition of the virus (EC50 [45-47]) for remdesivir making this a
suitable method for multi-dose PK/PD modelling studies, TDM and
toxicity assessment [12]. However, lack of accurate quantitation at
lower ng/mL concentrations may make it inadequate for use in single-
dose PK/PD modelling studies. As studies to determine the effective
concentration are in vitro and tend to differ by virus and cell line, further
in vivo studies are needed to assess the effect of remdesivir on active
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SARS-CoV-2 viral replication, which may not always correlate with in
vitro studies.

As for the active metabolite, GS-441524, it is unclear how much anti-
viral activity it is providing in the setting of SARS-CoV-2 as human PK/
PD studies show that the maximum plasma concentration does not
exceed ~150-250 ng/mL (dependent on the dosing of remdesivir; cur-
rent recommended remdesivir dosing is 200 mg on Day 1 followed by
100 mg on Days 2-5) [12]. EC50s reported for GS-441524 are 137 ng/
mL to 317 ng/mL (Table 2) [46,48]. Unfortunately, hepatic metabolism
of remdesivir results in dose-limiting liver toxicity, which excludes
further dose escalation to study any anti-viral effect of GS-441524, in
vivo [49,50]. In addition, human clinical drug trials have not been
conducted exploring the GS-441524 molecule as an anti-viral therapy
for SAR-CoV-2 despite promising in vitro studies. To date, GS-441524 for
use against coronavirus infections has only been studied in animals
[48,51]. Overall, GS-441524 appears to be overlooked as it is the most
persistent metabolite in plasma, most prominent metabolite in the lung
following remdesivir infusion, and less likely to cause liver toxicity
[52-55]. It is possible that further exploration of this metabolite as an
anti-viral agent will be conducted for coronaviruses, as well as other
single-stranded RNA viruses, in the future. Overall, establishing sensi-
tive assays for this molecule will be beneficial as future studies on its
efficacy are developed and conducted.

One major benefit of this assay is the use of pre-manufactured
cassette plates, an automated PS source with plate-loader magazine
unit and bar-code technology, and integrated software for method
development, which allowed for the automated analysis of up to 240
samples. However, one limitation with our GS-441524 assay is the
higher LOD and LLOQs when compared to known LC-MS/MS methods
[18,19,21-23]. The higher LLOQ may limit its use for PK/PD studies;
therefore, further steps to improve its sensitivity need to be explored.
Whatman grade 31ET chromatography paper is a cellulose-based paper
that is easily available, manufacturable, and durable. It is the paper
utilized in the pre-manufactured cassettes for the automated Verispray
source, and it has been utilized in many PS-MS studies to date. Overall, it
shows fairly good performance across many compound groups [56]. In
another publication, we explored paper substrate and solvent combi-
nations for a number of different drug classes, including remdesivir and
other anti-virals agents [57]. We found that a glass fiber paper with an
isopropanol solvent significantly increased the analyte peak AUC and
average S/B ratio for remdesivir. While we did not study GS-441524, it is
possible similar improvements could be realized for GS-441524 as the
glass fiber paper tended to perform well with hydrophilic molecules. We
did not use the glass fiber paper in this study, because we preferred to
use currently-available pre-manufactured cassettes and automated plug-
and-play technology to make the method more easily employable in
clinical labs. The glass fiber paper is not commercially available in the
pre-manufactured plates and must be prepared, laser-cut in house, and
loaded manually into the plates.

5. Conclusion

We report, herein, the first PS-MS/MS assay for the anti-viral agent
remdesivir and its active metabolite, GS-441524. The calibration curves
for the two antiviral agents showed excellent linearity (average R% =
0.99-1.00) across the calibration ranges. The inter- and intra-day pre-
cision for both analytes was less than 11.2% and accuracy (%bias) was
within + 15%. Plasma calibrant stability was assessed and degradation
were seen beginning at Day 7 for plasma calibrants kept at 4 °C and
room temperature. The plasma calibrants were stable at —20 °C during
the course of the 21 day stability study. No degradation was seen at any
temperature for dried plasma spots during the duration of the stability
study. No interference, matrix effects, or carryover was discovered
during the validation process. Overall, run time was less than for re-
ported LC-MS/MS methods, and despite the need for 1 h of drying, no
sample preparation was required. The utilization of an automated
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system was another advantage in terms of workflow. Further studies are
needed to determine if the assay is comparable to reported LC-MS/MS
methods by conducting a cross-validation between LC-MS/MS and PS-
MS/MS utilizing clinical specimens. In addition, further studies
improving the sensitivity at lower concentrations for the GS-441524
assay are needed, as future studies exploring its viability and efficacy
for use as an anti-viral agent will likely be conducted. Overall, the
developed PS-MS/MS method is a rapid quantitation tool for remdesivir
and its active metabolite, GS-441524 and may prove to be a useful for
future clinical research studies.
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