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ABSTRACT

As remdesivir, the first FDA-approved drug for SARS-CoV-2 infection, can be used only for hospitalized patients
due to intravenous administration, there is an urgent need of effective oral antiviral formulations to be used at
early stage of infection in an outpatient setting. The present paper reports on the comparative pharmacokinetics
of the electrospun nanofiber remdesivir/sulfobutyl ether beta-cyclodextrin formulation after intravenous and
buccal administration. It was postulated that oral transmucosal administration avoids remdesivir from metabolic
transformation and intact remdesivir can be detected in plasma, but only the active metabolite GS-441524 could
be experimentally detected at a significantly lower plasma level, than that provided by the intravenous route. In
buccally treated animals, the metabolite GS-441524 appeared only at 1 h after treatment, while in intravenously
treated animals, GS-441524 was possible to quantify even at the first time-point of blood collection. Further
optimization of formulation is required to improve pharmacokinetics of remdesivir-sulfobutyl ether beta-

cyclodextrin formulation upon buccal administration.

1. Introduction

The buccal surface of oral cavity has been reputed to offer a conve-
nient route of drug administration aiming at efficient systemic delivery
via circumventing gastro-intestinal tract and liver related first pass drug
metabolism. The mucus layer of oral cavity has a rich blood supply and
is relatively permeable. Buccal drug delivery is known as one of the most
patient-friendly way of drug administration (Dodla and Velmurugan,
2013; Lakshmi et al., 2021). By oral transmucosal drug absorption we
can bypass the gastro-intestinal tract and more importantly, avoid the
hepatic first-pass metabolism, so that sensitive drug actives show
enhanced oral bioavailability. This is one of the main reasons for our
studies. We applied this buccal route of administration for remdesivir
known to have significant first pass metabolism in liver and conse-
quently not applicable orally, only intravenously.

Buccal penetration can be improved by using permeation enhancing
agents for example surfactants, fatty acids, bile salts, chelators, co-
solvents and cyclodextrins (CDs) (Guo and Cooklock, 1995). These
compounds enhance cell membrane fluidity, extract intercellular lipids,
interact with epithelial proteins, and alter mucus layer physics (Sayani
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and Chien, 1996). Among the currently used buccal permeation en-
hancers, CDs have been found potent delivery agents, they are multi-
functional penetration enhancers: besides providing molecularly
dispersed state and improved solubility of drug actives, they temporarily
alter the barrier function of absorptive mucosae, by extracting/mobi-
lizing membrane lipids in a reversible manner (Palem et al., 2012).
CDs are cyclic oligosaccharides prepared from starch amylose by
enzymatic reaction. The main representatives, a-, - and y-CDs consist-
ing of 6, 7 or 8 glucopyranose units, respectively, possess hydrophilic
outer surface and less hydrophilic cavities suitable to include hydro-
phobic molecules via molecular encapsulation (Szejtli, 2004). The
cyclodextrin-assisted buccal drug delivery was first reported by J. Pitha
who studied buccal absorption of sex hormones such as estradiol, pro-
gesterone, and testosterone administered as an inclusion compound
with hydroxypropyl- p -cyclodextrin (HPBCD) (Pitha et al., 1986). The
sublingual or buccal route was found to result in the effective transfer of
the steroids into the systemic circulation followed by only gradual
elimination. These drugs are active only by this route and not from the
gastrointestinal tract, due to fast metabolism of hormones by liver. Thus,
a testosterone compound (hormone, 10 mg) with HPBCD tablet
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administered sublingually to a Caucasian male with a hypopituitary
condition showed a hormone level of 1020 ng/100 mL serum at 2 h after
administration compared to 480 ng from a traditional gelatin capsule
(Pitha et al., 1986). Similar results were published by Loftsson et al. on
the sublingual delivery of 17beta-estradiol in HPBCD-complexed form
(Loftsson et al., 2003).

Remdesivir (GS-5734, (2S)-2-{(2R,3S,4R,5R)-[5-(4-Aminopyrrolo
[2,1-f] [1,2,4]triazin-7-yl)-5-cyano-3,4-dihydroxy-tetrahydro-furan-2-
ylmethoxy]phenoxy-(S)-phosphorylamino}propionic acid 2-ethyl-butyl
ester), a viral RNAse inhibitor was discovered and developed by
Gilead Sciences, Inc. It has recently been introduced as a promising new
antiviral agent for the therapy against SARS-CoV-2 in the form of a
marketed product, named Veklury™, which is a sulfobutyl ether p
-cyclodextrin (SBECD)-enabled remdesivir injectable formulation.
SBECD, produced by reacting p -cyclodextrin with butane sultone under
alkaline conditions, is an FDA-approved pharmaceutical excipient with
average degree of substitution (DS) of 6.2-9 (Puskas et al., 2015; Stella
and Rajewski, 2020). The role of SBECD is to improve both the solubility
and stability of remdesivir via inclusion complex formation (Pipkin
et al., 2020). Molecular dynamic study proved the interaction between
remdesivir and SBECD of various DS (Garrido et al., 2020; Pineiro et al.,
2021, 2022). Recent NMR investigations suggested that the protonation
state of the aminopyrrolo-triazine moiety of remdesivir can play a key
role in the cyclodextrin-remdesivir interaction (Varnai et al., 2022). The
resulting electrostatic interaction between the positive charge of
remdesivir and negative charge of SBECD induces eightfold enhance-
ment in complex association constant compared to underivatized § -CD.

The formulation contains 3.2% remdesivir and the rest is SBECD.
This large excess of SBECD is necessary for solubilizing the drug: 20 w/v
% SBECD can dissolve 6.7 mg/mL remdesivir and by lyophilizing this
solution a powder with the composition of 3.23% remdesivir and
96.77% SBECD is obtained according to the patent of Gilead Sciences,
Inc. (Larsen, 2019). This powder is reconstituted in water before
injection.

Remdesivir exhibits potent in vitro activity against SARS-CoV-2 with
a half-maximal effective concentration of 0.77 pM (Cao et al., 2020). In
the clinical trials, although no benefit in mortality, but higher rate of
improvement, faster recovery and significant decrease in the risk of
serious adverse events were observed (Jorgensen et al., 2020; Garibaldi
et al., 2021; Singh et al., 2021). It received US Food and Drug Admin-
istration (FDA) approval for the treatment of CoViD-19 patients (Rubin
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et al., 2020).

Due to the high first pass liver metabolism of phosphoramidates and
low oral bioavailability, remdesivir cannot be administered orally (Cho
et al., 2012). After intravenous administration it is rapidly metabolized
to GS-441524, its parent nucleoside with high antiviral activity (Xie and
Wang, 2021) (Fig. 1). Remdesivir is a diastereomer mono-
phosphophoramidate prodrug of the adenine nucleoside analogue GS-
441524. The latter is metabolically converted in cells and tissues into
the pharmacologically active triphosphate which inhibits viral RNA
polymerases, but does not affect host RNA or DNA polymerases (EMEA,
2020). Recent studies have focused on development of some other
prodrugs of GS-441524, e.g., isobutyryl esters which resist to first -pass
metabolism and demonstrate improved oral bioavailability (Cox et al.,
2021; Schéfer et al., 2021; Wei et al., 2021).

Another option to avoid first pass metabolism is the buccal admin-
istration which needs orally disintegrating, fast-dissolving formulation,
such as the one obtained by electrospinning of SBECD/remdesivir
complex (Szente et al., 2021). Although the pioneering patent applica-
tion related to remdesivir (Clarke et al. ,2017) outlines the possible
buccal administration of the compound, the originator has not provided
any experimental data to illustrate that utility. A follow-up patent
application of Jubilant Generics Limited discloses a sublingual or buccal
tablet composition of remdesivir using native p -cyclodextrin amongst
various excipients, but the corresponding pharmacokinetic data are not
provided by the applicant (Nandi et al., 2021). The presence of SBECD in
the formulation has the advantage of improved solubility and reduced
aggregation of remdesivir (Pineiro et al., 2021). A recent paper by
Szente et al. (2021) gave a detailed comparison of the physico-chemical
characteristics and dissolution behavior of freeze-dried and electrospun
nanofiber forms of SBECD-enabled remdesivir formulation. As a follow
up of this pharmaceutical technology study, authors hereby report on
the comparative in vivo pharmacokinetics of SBECD/remdesivir complex
as fast-dissolving electrospun nanofiber in rabbits, following buccal and
intravenous administration. To the best of our knowledge, this is the first
report on remdesivir absorption and pharmacokinetics from a
cyclodextrin-enabled formulation upon buccal administration.

Fig. 1. Structural formulas of Remdesivir (A), GS441524 (B) and GS-441524-triphosphate (C).
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2. Experimental
2.1. Materials

Remdesivir with a chemical purity of 99.2% was purchased from
Echemi Pharma, Qingdao, China. The active metabolite (GS-441524)
was received from Selleckchem, Houston, TX, USA. Stable isotope
labeled remdesivir was purchased from Alsachim (Illkirch-Graffen-
staden, France). Remdesivir was stored at room temperature, while GS-
441254 and the internal standard (stable isotope labeled remdesivir)
were stored in a freezer (—15 °C to —30 °C) protected from light and
humidity.

SBECD/remdesivir fast-dissolving formulation was prepared as
described earlier (Szente et al., 2021). Briefly, an aqueous solution of
SBECD was prepared and the pH of the solution was set to 1.9 by hy-
drochloric acid solution. Then remdesivir was dissolved under intense
agitation and finally the pH was set to approximately 3.5 by adding
NaOH solution. The solution was processed by electrospinning to get
nanofibers. The product is a white to off-white solid powder, freely
soluble in water and PBS solutions. The anhydrous sample contains 3%
remdesivir and 97% SBECD by weight.

Acetonitrile and methanol of HPLC Super gradient grade, formic acid
for LC-MS and dimethyl sulfoxide (DMSO) of analytical reagent grade
were used in the analysis. Ultrapure water was obtained from water
purification system (ELGA).

2.2. Methods

2.2.1. Administration of remdesivir formulations

New Zealand white rabbits (6-6 males in the two treatments) with
body weights at arrival of 2.5 to 3.0 kg were used after acclimatization
for 7-8 days. The weight variation did not exceed £20% of the mean
weight.

The dose of SBECD/remdesivir (95 mg/kg body weight corre-
sponding to 2.9 mg/kg bw remdesivir) was calculated on the basis of
human treatment, 200 mg remdesivir/patient (about 200 mg/70 kg) and
30 mg/g content in the formulation. The calculated dose was given in
the content of active ingredient. In both intravenous and buccal treated
groups, the dose volume was based on the most recent body weight
measurement.

The electrospun nanofiber sample was dissolved in sterile distilled
water for the intravenous application of 3 animals. For the buccal
treatments, SBECD/remdesivir was formulated into a thick paste-like
texture with water. 100 mg SBECD/remdesivir (corresponding to 2.9
mg/kg bw remdesivir) was moistened with 0.04 mL distilled water. This
paste-like preparation was applied to the sublingual mucosa of the
rabbit (3 animals) anesthetized with release injection (with active
ingredient: Pentobarbital sodium), with a metal spatula. The test sam-
ples were prepared on day of treatment, and administered to the animals
within 1 h. Anesthetizing the animals during buccal administration was
important in order to place the paste containing the drug formulation
precisely on the oral mucosa and avoid the swallowing of the formula-
tion. Absorption through buccal mucosa was ensured this way.

2.2.2. Blood sampling

According to the time schedule of first treatment period, blood
sample of approximately 300 uL was obtained from the marginal vein of
ear at 0 (pre-value), 1, 2, 4, 6,9, 12 and 24 h after the treatment. In the
second treatment period, blood sample of approximately 300 pL was
obtained from the marginal vein of ear at 0 (pre-value), 10, 20, 30, 40,
50 min, 1, 1.5, 2, 2.5, 3, 3.5 and 4 h after the treatment. After the last
blood sampling, the animals were anesthetized with Release injection
(Pentobarbital sodium), and sacrificed without necropsy.

Due to the large number of blood sampling, clinical observation was
not planned.

International Journal of Pharmaceutics 620 (2022) 121739
2.3. Bioanalysis

2.3.1. Calibration, quality control (QC) solutions and samples

Two independently prepared remdesivir and GS-441254 stock solu-
tions of 100 pg/mL for the calibration and QC solutions and the internal
standard (IS) stock solution of 100 ug/mL were prepared in DMSO and
the solutions were stored in the freezer (—15 °C — —30 °C). Calibration
working solutions were prepared in DMSO by serial dilution from the
corresponding stock solution to achieve 5 (only for remdesivir), 10, 25,
50, 100, 250, 500, 1000, 2500 and 5000 ng/mL for the analytes, QC
working solutions were similarly prepared to achieve 5 (only for
remdesivir), 15, 150 and 4000 ng/mL for remdesivir and 25, 150 and
4000 ng/mL for GS-441254, and a working solution of 50 ng/mL was
prepared in acetonitrile for the internal standard. Calibration samples
for both analytes were prepared at the following nominal concentration
levels: 1 (only for remdesivir), 2, 5, 10, 20, 50, 100, 200, 500 and 1000
ng/mL and quality control samples at three concentration levels: 3, 300
and 800 ng/mL for remdesivir and 5, 300 and 800 ng/mL for GS-
441254. Calibration and QC samples were prepared by spiking 50 uL
of blank rabbit plasma with 10 uL of the corresponding working solution
and subsequently subjected to the sample preparation protocol.

2.3.2. Sample preparation

The plasma samples were thawed at room temperature. An aliquot of
50 pL of rabbit plasma sample was transferred into a microcentrifuge
tube then 10 pL of DMSO and 150 uL of internal standard working so-
lution were added. Afterwards, the samples were vortexed thoroughly
for protein precipitation. Then the samples were centrifuged (Heraeus
Biofuge Stratos, Osterode, Germany) at 10,000 rpm at 4 °C for 5 min.
Aliquot (100 pL) of the supernatant was collected into autosampler vials.

2.3.3. LC-MS/MS conditions

A Shimadzu UFLC system (Kyoto, Japan) containing two LC-20AD
XR pumps, a DGU-20A3R degassing unit, a CTO-20AC column oven, a
SIL-20AXR autosampler with a CBM-20A communication bus module
coupled to an AB SCIEX 5500 QTrap triple quadrupole tandem mass
spectrometer (Vaughan, Canada) was used for the bioanalytical
measurements.

Reverse phase HPLC separation on an Inertsil ODS-4 (3.0x150 mm, 3
pm) (GL Sciences, Japan) column with gradient elution was performed
at room temperature by injecting 1 pL of sample with a flow rate of 0.4
mL/min. The eluent A was ultrapure water containing 0.1 % V/V formic
acid, the eluent B was acetonitrile containing 0.1 % V/V formic acid. The
initial eluent composition was 5 % B, then a linear gradient was applied
to 100% B until 4.0 min after the injection. This composition was kept
for 1.0 min and then the column was re-equilibrated to the initial con-
dition until the stop time of 8.0 min.

Remdesivir, GS-441254 and IS were quantified in MRM (multiple
reaction monitoring) mode with electrospray ionization (ESI) in the
positive mode at the following transitions (m/z): 603.1 — 402.1, 292.1
— 163.1 and 609.1 — 229.1 for remdesivir, GS-441254 and SIL-
remdesivir (internal standard), respectively. The retention time was
4.25 min and 5.45 min for GS-441254 and remdesivir, respectively.

For quantification the response ratio of the analytes to the internal
standard versus the concentration of analyte was used with 1/x2
weighting. The concentration range for rabbit plasma was 1 ng/mL —
1000 ng/mL and 2 ng/mL — 1000 ng/mL for remdesivir and GS-441254,
respectively. The limit of quantification was determined: 1 ng/mL and 2
ng/mL for remdesivir and GS-441254, respectively.

The chromatograms were analyzed by the Analyst 1.6.2 software.

3. Results
Buccal administration of a fast-dissolving SBECD/remdesivir

formulation was evaluated compared to intravenous administration
using rabbits. The time schedule of blood sampling selecting 1 h after
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administration as the first sampling point was not acceptable for the
toxicokinetic measurement in the first treatment period. Remdesivir
could not be measured in the blood plasma even at the first hour, so the
experiment was repeated (second treatment) with a modified time
schedule with several sampling points within the first hour. It was also
concluded from the failure of the first experiment that it is not enough to
measure intact remdesivir in the plasma, so in the second treatment
period the analytical measurements were extended to its active metab-
olite, GS-441254, too. The blood concentrations of both remdesivir and
its metabolite for intravenous and buccal treatment groups are shown in
Figs. 2 and 3.

In the second treatment period, in the group 1 (intravenously treated
group) the highest plasma concentration of remdesivir (383 ng/mL) was
measured at 0.17 h, while that of GS-441524 (145 + 27 ng/mL) was
found at 0.5 h after the treatment. The half-life times were 0.85 and 1.45
h, respectively.

In animals of group 2 (treated buccally) remdesivir was not detected
and the GS-441524 concentration appeared only at 1, 1.5 and 2.5 h. The
highest plasma concentration of GS-441524 (4-5 ng/mL) was found
between the 2 and 3 h after the treatment. Approximately 4 h half-life
time was calculated.

In the buccally treated group, the plasma concentrations of GS-
441524 were significantly lower compared to the intravenously
treated group. AUC., was 263 + 72 and 26.4 + 2.3 ng*h/mL for the
intravenous and buccal administration, respectively, resulting in 10%
bioavailability of this metabolite given buccally compared to intrave-
nous application.

There was no mortality either in the intravenous or buccal treated
groups.

4. Discussion

This study aimed at evaluating the feasibility for buccal adminis-
tration of remdesivir, a potent antiviral drug against SARS-CoV-2 in-
fections. Due to the first pass metabolism in the liver this drug cannot be
applied orally, only intravenously for hospitalized patients. But there is a
high, still un-met need for a patient-friendly formulation which can be
used in prevention and in the treatment of patients with less severe
disease not requiring hospital care. Buccal administration is a potential
route of administration avoiding first pass metabolism in the liver.
Compared to oral, the buccal delivery offers to avoid the first pass
metabolism of a drug sensitive to the liver enzymes. At present there is
no approved oral remdesivir formulation due to this sensitivity.

The remdesivir formulation approved by Food and Drug Agency of
the US (FDA) contains SBECD as excipient. SBECD is an anionic cyclo-
dextrin derivative used to enhance the solubility of poorly soluble
compounds (Puskas et al., 2015; Stella and Rajewski, 2020). There are

several drugs marketed in SBECD-solubilized form, such as
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Fig. 2. Concentration of Remdesivir and GS-441524 (Group 1: intravenous
treatment) (The error bars represent SD, n = 3).
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Fig. 3. Concentration of remdesivir and GS-441524 (Group 2: buccal treat-
ment) (The error bars represent SD, n = 3).

voriconazole, maropitant, aripiprazole, amiodarone, melphalan, etc.
(Stella and Rajewski, 2020). As earlier we have developed a fast-
dissolving formulation of remdesivir and SBECD of identical composi-
tion as the intravenous injection (Szente et al., 2021), we studied the
single-dose buccal administration of this formulation in animal experi-
ments and compared the bioavailability with intravenous
administration.

While no studies on buccal remdesivir formulations, only a few pa-
pers can be found in the scientific literature on buccal administration of
SBECD-formulated drugs. SBECD/danazol complex was perorally
administered to dogs and compared to buccal administration of this
complex formulated into buccal tablets by using mucoadhesive poly-
mers to obtain 64% and 25% absolute bioavailabilities, respectively
(Jain et al., 2002). When triclosan complexed with SBECD or HPBCD (2-
hydroxypropyl-beta-cyclodextrin, a neutral CD derivative) no difference
was found in adhesion to porcine buccal adhesion (Sigurdsson et al.,
2002). In a similar study, the authors found only a slightly higher
transport of SBECD/roprinolone compared to HPBCD/roprinolone
across porcine buccal epithelium: 28 and 24% improvement compared
to buffer only (Kontogiannidou et al., 2017).

In our study, rabbit was selected as animal model for the in vivo
pharmacokinetic experiments. The oral mucosa of dog, pig and rabbit
show the highest similarity in structure and composition to the human
buccal mucosa (Harris and Robinson, 1992; Dali et al., 2006). The
thickness of the oral epithelium of rabbits is similar to humans (about
600 um). The extent of keratinization is only a bit higher which is an
important factor in mucosal drug delivery as keratinized oral epithelium
has low permeability.

The metabolism of remdesivir in the blood is fast in mice resulting in
extremely low half-life time (a few minutes) due to enzymes, while the
blood level of GS-441524 metabolite remained high even after 24 h (Hu
etal., 2021). In humans the median terminal half-lives of remdesivir and
GS-441524 were approximately 1 and 27 h, respectively (Health, 2021).

Although we have not found any data on the pharmacokinetics of
remdesivir in rabbits, our results are consistent with the human data
with the half-life of remdesivir of 0.85 h after intravenous application of
SBECD/remdesivir fast-dissolving electrospun formulation. The half-life
for GS-441254 metabolite was somewhat longer than that of remdesivir,
as expected, but only 1.45 h.

Buccal administration resulted in highly reduced bioavailability of
remdesivir and its metabolite. It is a challenge in buccal drug delivery to
keep the drug concentration in the oral mucosa for drugs with short half-
lives such as remdesivir due to salivary flow, mastication and ingestion
of food and beverage.

Remdesivir is a substrate for esterases in plasma and tissue, for drug
metabolizing enzymes in liver, such as CYP2C8, CYP2D6, and CYP3A4,
and is also a substrate for transporters Organic Anion Transporting
Polypeptides 1B1 (OATP1B1) and P-glycoprotein (P-gp (Health, 2021).
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The complexation of remdesivir with SBECD aims at solubilization but
gives hardly any protection to the drug against these enzymes and
transporters. The esterases of oral mucosa might hydrolyze the buccally
administered formulation, too.

Further studies are needed to understand the delay in the appearance
of GS-441254 in the blood plasma after buccal administration. Other
studies with propranolol, verapamil and captopril buccally administered
to rabbits showed no such delay (Dali et al., 2006).

The formulation should be further developed to improve the phar-
macokinetic properties. In addition to solubilization by SBECD, other
permeability enhancers and the use of enzyme inhibitors to reduce the
enzymatic degradation within the mucosa could help to get a formula-
tion with higher bioavailability. Encapsulation of remdesivir in a poly-
mer matrix, which was found to be useful for intravenous injections
(Chakraborty et al., 2021), could be applied for formulations in buccal
administration, too.

5. Conclusion

The remdesivir formulation of Gilead Sciences, Inc. marketed as
Veklury™ contains SBECD to address the solubility and stability of the
drug approved for the treatment of SARS-CoV-2 infected patients. It can
be used intravenously only because of its fast decomposition by the liver
enzymes if taken orally. Our working hypothesis was to avoid first pass
metabolism via buccal administration. The composition of the formu-
lation was identical to the marketed formulation Veklury™, but was
prepared by electrospinning instead of lyophilization to obtain a fast-
dissolving powder. Rabbits were treated with this formulation in two
groups: intravenously and buccally. Rabbit is typically used as buccal
drug delivery model due to similarity of its mucosa to human.

Under the conditions of the present study, no intact remdesivir could
be detected only the GS-441524 metabolite after buccal administration
and in much smaller concentration than after intravenous injection. The
10% bioavailability compared to intravenous administration suggests
that the complexation with SBECD cannot protect remdesivir from the
effect of esterases of the oral mucosa. The results of this preliminary
study indicate that development of a buccal formulation of remdesivir is
not an easy task, needs further development, optimization and charac-
terization studies. It seems to be necessary to further develop the
formulation enabling fast absorption through the mucosal layer and
shielding the drug from the enzymes of the oral cavity.
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