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Since the discovery of the first case infected with severe acute respiratory syndrome coronavirus-2 (SARS
CoV-2) in Wuhan, China in December 2019, it has turned into a global pandemic. According to the World
Health Organization (WHO) statistics, about 603.7 million confirmed coronavirus cases and 6.4 million
deaths have been reported. Remdesivir (RMD) was the first U.S. Food and Drug Administration (FDA)
approved antiviral drug for the treatment of coronavirus in pediatrics and adults with different disease
severities, ranging from mild to severe, in both hospitalized and non-hospitalized patients. Various drug
regimens are used in Covid-19 treatment, all of which rely on the use of antiviral agents including
ritonavir (RTN)/nirmatrelvir (NTV) combination, molnupiravir (MLP) and favipiravir (FVP). Optimizing
analytical methods for the selective and sensitive quantification of the above-mentioned drugs in
pharmaceutical dosage forms and biological matrices is a must in the current pandemic. Several
analytical techniques were reported for estimation of antivirals used in Covid-19 therapy.
Chromatographic methods include Thin Layer Chromatography (TLC) densitometry, High Performance
Thin Layer Chromatography (HPTLC), Reversed Phase-High Performance Liquid Chromatography (RP-
HPLC), High Performance Liquid Chromatography Tandem Mass Spectrometry (HPLC-MS/MS) or
Ultraviolet detectors (HPLC-UV), Ultra High-Performance Liquid Chromatography (UHPLC-MS/MS) or
(UPLC-UV) and Micellar Liquid Chromatography (MLC). In addition to other spectroscopic methods
including Paper Spray Mass Spectrometry (PS-MS), UV-Visible

Spectrofluorimetry. Herein, we will focus on the clarification of trendy, simple, rapid, accurate, precise,

Received 31st January 2023

Accepted 18th April 2023 and

Spectrophotometry,
DOI: 10.1039/d3ra00654a sensitive, selective, and eco-friendly analytical methods used for the analysis of anti-Covid-19 drugs in

rsc.li/rsc-advances dosage forms as well as biological matrices.

Open Access Article. Published on 28 April 2023. Downloaded on 12/4/2025 11:02:42 AM.

(cc)

1. Introduction

In December 2019, China was invaded by the highly contagious
severe acute respiratory syndrome coronavirus-2 (SARS CoV-2),
declaring the beginning of one of the most vicious pandemics
that has infested the whole world, Covid-19. It only took less
than 100 days for Covid-19 to be defined as a global pandemic
by the world health organization (WHO)." Up to 7 August 2022,
WHO reported about 603.7 million confirmed Covid-19 cases
including about 6.4 million deaths.?

SARS CoV-2 is an enveloped single-stranded RNA virus that
enters the cell via the binding of its glycosylated S proteins and
the host human receptors called angiotensin-converting
enzyme 2 (ACE-2).>* ACE-2 receptors are vastly distributed in
the body with varying intensities.® Various disease severities
were observed as asymptomatic ranging from mild (involving
high temperature, headache, dry cough, and sore throat),®
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moderate to severe involving pneumonia and multi-organ
damage.” Even after the acute phase of the disease had been
cleared, many cases had been diagnosed with long Covid-19
syndrome which persists for several weeks or months leading
to complications and disabilities.®

Unfortunately, despite the continuous efforts invested in the
development of several anti-Covid 19 vaccines, their effective-
ness is counteracted by the tendency of SARS-CoV-2 to change
its amino acids leading to mutations.® Scientists focused on
repurposing already approved drugs for the treatment of other
viral infections, since developing a novel, safe and effective drug
is a tedious and time-consuming process. Several drugs have
been used for Covid-19 since its spread, however, few are
currently used, most of which belong to antivirals, namely,
remdesivir (RMD), favipiravir (FVP), molnupiravir (MLP), rito-
navir (RTN), and nirmatrelvir (NTV). Studies conducted on the
proposed drugs since the beginning of the outbreak up till now
are demonstrated in (Fig. 1).

Remdesivir (RMD), 2-ethylbutyl (25)-2-[[[(2R,3S,4R,5R)-5-(4-
aminopyrrolo[2,1-f][1,2,4]triazin-7-yl)-5-cyano-3,4-
dihydroxyoxolan-2-yljmethoxyphenoxyphosphorylJamino]
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Fig. 1 Recent studies conducted on (a) RMD, (b) MLP, (c) NTV & RTN and (d) various antiviral drug combinations, since the beginning of the

outbreak up till now.

propanoate] (Fig. 2) is a broad-spectrum adenosine analog
prodrug.’ It is activated intracellularly into the pharmacologi-
cally active metabolite (GS-443902). RMD is an RNA-dependent
RNA polymerase inhibitor (RdRpI). RMD's binding to the viral
RNA leads to the permanent inhibition of viral genome repli-
cation. The mechanism of its action is demonstrated in Fig. 3.
It is the first antiviral drug to be approved by the Food and Drug
Administration (FDA) for the treatment of confirmed Covid-19
cases after the positivity of two successive tests. It was used in
the treatment of Covid-19 cases ranging from 28 days-old
pediatric patients (=3 Kg) to adults in all phases of the
disease.*?

© 2023 The Author(s). Published by the Royal Society of Chemistry

Originally, Favipiravir (FVP), 5-fluoro-2-oxo-1H-pyrazine-3-
carboxamide (Fig. 2) was developed for the treatment of the
resistant cases of influenza by Toyama Chemical Co., Ltd,
London in Japan. Favipiravir (FVP) is a modified pyrazine
analog prodrug which is currently under investigation for the
treatment of Covid-19. After entering the cell, it is activated by
ribosylation and phosphorylation into FVP-ribose triphosphate
(FVP-RTP). The activated form acts as an RNA-dependent RNA
polymerase inhibitor (RARpI)** and leads to the permanent
inhibition of viral genome replication (Fig. 3).

Owing to the absence of sufficient safety data, FDA has
categorized molnupiravir (MLP), ((2R,3S,4R,5R)-3,4-dihydroxy-5-

RSC Adv, 2023, 13, 13224-13239 | 13225
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Fig. 2 Chemical structure of (A) remdesivir, (B) favipiravir, (C) molnupiravir, (D) ritonavir and (E) nirmatrelvir.

(4-(hydroxyamino)-2-oxopyrimidin-1(2H)-yl) tetrahydrofuran-2-
yl) methyl isobutyrate (Fig. 2), as an Emergency Use Aauthori-
zation (EUA) medication during the current pandemic. MLP is
the first orally administrated antiviral drug to be used in Covid-
19 treatment. MLP is a pyrimidine ribonucleoside analog which
is a prodrug of N-hydroxy cytidine (NHC). It is used in the early
stages of the disease to reduce the risk of hospitalization.™ By
intracellular phosphorylation, NHC is activated into NHC
triphosphate. NHC triphosphate displaces guanosine or aden-
osine through binding to viral RNA polymerase; leading to viral
RNA mutagenesis disrupting the replication ability of SARS-
CoV-2 (ref. 15) as demonstrated in (Fig. 3).

Similarly, a binary combination of Ritonavir (RTN), 1,3-
thiazol-5-ylmethyl  N-[(2S,3S,55)-3-hydroxy-5-[[(2S)-3-methyl-2-
[[methyl-[(2-propan-2-yl-1,3-thiazol-4-yl) methyl] carbamoyl]
amino] butanoyl] amino-1,6-diphenylhexan-2-yl] carbamate and
Nirmatrelvir  (NTV), (1R,2S,55)-N-[(1S)-1-cyano-2-[(3S)-2-0x0-
pyrrolidin-3-yl]ethyl]-3-[(2S5)-3,3-dimethyl-2-[(2,2,2
trifluoroacetyl)Jamino]butanoyl]-6,6-dimethyl-3-azabicyclo
[3.1.0]hexane-2-carboxamide (Fig. 2) is employed as an Emer-
gency Use Authorization (EUA). This combination is used to
resolve mild to moderate Covid-19 cases within 5 days from
symptoms appearance. It is available commercially as oral
tablets consisting of 100 mg RTN and 150 mg NTV. NTV is a viral
protease (3CLpro) inhibitor that prevents precursor protein
cleavage; those proteins are used for new infectious particle
synthesis,' thus, ceases infection (Fig. 3). On the other hand,
RTN is used as an inhibitor of CYP3A to help prolong the half-
life of NTV and maintain its plasma levels, hence, NTV is

13226 | RSC Adv, 2023, 13, 13224-13239

considered as the anti-Covid-19 active component in such
combination."”

Optimizing analytical methods capable of selectively and
sensitively quantifying drugs used in the treatment of Covid-19
in pharmaceutical dosage forms and plasma samples is an
essential step for the accurate determination of such drugs in
various matrixes during this existing pandemic. In this review,
we will focus on recently reported analytical methods employed
in the assay of various medications that are currently approved
for the treatment of Covid-19.

Nowadays, several concerns are being raised concerning the
health hazards posed by the application of analytical proce-
dures. Green analytical chemistry (GAC) protocols were devel-
oped as an alternative solution that minimizes the ecological
burden without affecting the efficiency of those procedures.
Various GAC metrics have been implemented to evaluate the
greenness of analytical procedures, namely; National Environ-
mental Method Index (NEMI), General Analytical Procedure
Index (GAPI), Analytical Eco scale, and Analytical Greenness
(AGREE).

The National Environmental Methods Index (NEMI) was first
reported, and the results were represented in a simple picto-
gram, divided into four parts. Each part reflects a different
rubric (generation of waste, reagents that are persistent, bio
accumulative, or toxic, whether reagents are hazardous,
whether the conditions are corrosive).”® These rubrics are eval-
uated in a binary way: if a value of a rubric is met, the desig-
nated part of the pictogram is colored in green; otherwise, it is
kept uncolored.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Inhibition mechanisms of SARS-COV-2 by the selected drugs, (a) the mechanism of intracellular activation of MLP, RMD and FVP, (b)
schematic diagram demonstrating the binding, viral cell entry, replication and spreading of SARS-COV-2 in the host cell and (c) schematic
diagram presenting the effect of each drug to stop SARS-COV-2 replication.

The General Analytical Procedure Index (GAPI) consists of and green) representing high, medium to low impact, respec-
a five-pentagram figure that assesses the greenness of the tively." GAPI evaluates the analytical procedure thoroughly by
procedure according to 15 parameters by displaying (red, yellow assessing the sample preparation, reagents and solvents,

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2023, 13, 13224-13239 | 13227


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra00654a

Open Access Article. Published on 28 April 2023. Downloaded on 12/4/2025 11:02:42 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

instrumentation used with a circle in the middle that indicates
if the method can be utilized for qualification or quantification
purposes.

Another broad-spectrum tool is the Analytical Greenness
(AGREE) which evaluates the analytical procedure according to
the twelve principles of green analytical chemistry (GAC).
AGREE can be simply estimated through an open access
calculator.” The results are displayed as a circular pictogram
showing the score (zero to one) at the center and is divided into
twelve sectors. The degree of agreement with the GAC principles
is illustrated by giving a certain color to each one of the sectors.

The Analytical eco-scale is another metric system that
depends on the quantity, possible safety and/or health hazards
of the chemical reagents and the energy involved during
application of the procedure under investigation.”-** Analytical
eco-scale is calculated by subtracting the total penalty points
from 100.

2. Methods
2.1 Remdesivir (RMD)

2.1.1 Analysis in pharmaceutical dosage forms. Several
methods were reported for the assay of RMD in pharmaceutical
dosage forms. In 2021, Kamal et al. have succeeded in devel-
oping a novel high performance liquid chromatographic
method for the determination of RMD in injection vials and
establishing the degradation profile of the drug using forced
degradation conditions. Furthermore, this method was applied
in the quantification of commercial dosage form without any
interference from the excipients. Forced degradation studies
were carried out by exposing the drug to stress conditions as
acidic, basic, neutral, oxidative, and photolytic conditions.
Different samples were injected on a C18 column, eluted using
an isocratic elution of acetonitrile : distilled water (55 : 45 v/v) at
PH 4. A diode array detector DAD was set at 240 nm to detect
RMD and a fluorescence detector at Aex/Aem 245/390 nm was
used to detect the degradation products. The reached linearity
ranges were as follows 0.1-15 pg mL ™" and 0.05-15 pg mL " for
RMD and the degradation products, respectively. Additionally,
the relatively low limit of detections (LOD) of 0.03 and 0.015 pg
mL~' for RMD and the degradation products, respectively
confirms the high sensitivity of this method.**

Akbel et al. have compared between two commonly used
analytical techniques for the quantification of RMD. The first
was a RP-HPLC method using a mobile phase composed of
phosphate buffer and acetonitrile adjusted to pH 7. Detection of
RMD was performed at 247 nm using UV-visible detector. On
the other hand, the second technique employed UV-
spectrophotometry at Ama.x 247 nm. RMD was dissolved in no
solvents but deionized water. Good linearity was observed over
the range of 10-60 pg mL ™", trueness was adequate as the mean
recoveries were close to 100% and the correlation coefficients in
both techniques were above 0.99. However, the superiority of
the spectrophotometric method was displayed in the lower LOD
obtained (2.4 g mL ") versus (3 ug mL™") by the HPLC method
and in its greenness as it involves the use of an eco-friendly
diluent (water) and involves a higher through put of samples.

13228 | RSC Adv, 2023, 13, 13224-13239
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On the opposite, the HPLC method consumes highly hazardous
organic solvents such as methanol and acetonitrile in large
volumes posing a greater environmental concerns.”®

Sayed et al. have resolved the greenness issue by developing
an organic solvent free RP-HPLC method for the analysis of
RMD in the presence of forced degradation products. This time,
the mobile phase composition was different as it was a mixed
micellar mobile phase composed of Brij-35 (non-ionic polyoxy-
ethylene surfactant), SLS (sodium lauryl sulfate is an anionic
surface-active agent), and disodium hydrogen phosphate,
which was then dissolved in water, and adjusted to pH 6 using
phosphoric acid. Brij-35 and SLS were used to enhance the
elution and maintain its efficiency. Samples injected on RP-C18
column, peaks were detected at 244 nm. RMD was exposed to
different harsh conditions such as alkaline hydrolysis, acidic
hydrolysis, oxidative degradation, and photolytic degradation.
For alkaline hydrolysis, complete degradation was achieved at
25 °C for 3 h or at 45 °C for 1 h. As for acidic hydrolysis,
degradation was carried out using 0.1 N HCl for 1 h at 40 or 50 ©
C, for oxidative degradation 4.5% H,0, was used at 40 and 50 °C
for 1 h and for photolytic degradation, the sample was exposed
to UV-lamp at 365 nm for 1 day and no significant changes were
observed. All the impurities resulting from the degradation
showed no interference with the peak of RMD which confirmed
the specificity of the method. The linearity was observed over
the range of 5-100 pg mL ", LOD was 0.5 pg mL ™", and LOQ was
2 pg mL . This HPLC method was found to be not only accu-
rate and precise but has also succeeded in establishing a green
eco-friendly system for the assay of RMD as displayed by the
GAPI and AGREE systems (score of 0.77).>° It is worth
mentioning that the disposal of surfactants in great quantities
can be harmful to the environment, yet, considering the fact
that a conventional LC system can generate around 0.5 L of
organic waste daily, replacing large volumes of hazardous
organic solvents with minimal volumes of surfactants may be
the best available solution. Mixed-micellar mobile phases have
demonstrated adequate performance at replacing hazardous
organic solvents as it improves the elution power in RP
stationary phases without the loss of their separation efficiency,
involves much lower cost, toxicity and environmental harm and
hence the use of minimal volumes of surfactants represents
a beneficial compromise in comparison with other hazardous
organic solvents.

A spectrophotometric technique employing computational
chemistry for the quantification of RMD was developed by
Ramzy et al. Computational chemistry is applied for predicting
the results before performing the practical experiment, this
reduces the required time and expenses by cutting down the
number of possible trials. Theoretical studies were used to find
the optimum acid dye that produces the highest calculated
interaction energy with RMD using Gaussian 03 software with
the density functional theory (DFT). The binding energy resul-
ted from the interaction between RMD and numerous acid dyes
were calculated with the following equation:

AE = EA—B — EA — I’ZEB

© 2023 The Author(s). Published by the Royal Society of Chemistry
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where A is RMD calculated optimized energy and B is the acid
dye calculated optimized energy.

Bromophenol blue (BPB) was the acid dye that fulfilled the
required criteria. The yellow ion-pair complex formed by the
interaction between RMD and BPB was quantified by measuring
the absorbance using a UV-Visible Spectrophotometer at A =
418 nm. Beer's law applied to concentrations from 2-12 ng
mL~". This technique represented great accuracy and precision
illustrated in percentage recovery (99.0%) and low values of
percentage RSD (0.752%).>”

A simple and green HPTLC method for quantification of
RMD and studying the stability profile in both bulk form and
dosage forms was proposed by El-Kafrawy et al. Both powder
and dosage form were dissolved in 50% aqueous ethanol.
Degradation products were prepared by exposing the drug to
different stress conditions such as acidic, basic, neutral,
photolytic, and oxidative degradation. 5 puL of each sample and
degradant were spotted on pre-activated TLC silica gel
aluminum plates 60 F254 and the elution was completed using
ethyl acetate and ethanol (96:4 v/v) then the plates were
detected using a densitometer at 245 nm. The method has
showed good linearity (6-100 pg mL™") with low % RSD at this
range, sensitivity (LOD was 1.67 pg mL~" and LOQ was 5.55 g
mL™"), selectivity (no overlapping with the excipient or the
degradation products), cost-effectiveness and greenness
according to GAPI and AGREE metric systems (score of 0.77).2

Rawat et al. have developed a simple, rapid, selective and
sensitive RP-HPLC method for estimation of RMD in intrave-
nous marketed dosage forms. They used methanol for dissolv-
ing and diluting solutions, 10 pL of the solution were injected
on Zorbax Eclipse plus C18 column (4.6 mm x 150 mm, 5.0
pum), it was isocratically eluted using acetonitrile and 0.1%
formic acid in water (45:55, v/v) with a flow rate of 0.7
mL min~'. DAD was used at 245 nm for detection. The method
was validated according to the ICH guidelines, linearity range
was 2-100 pg mL’l, LOD was 0.57 pg mL’l, LOQ was 1.73 pg
mL " and % RSD was 0.571, 0.579 for interday and intraday,
respectively.”®

2.1.2 Analysis in biological matrices. D'Avolio et al. were
the first to develop a UHPLC-MS/MS method for the analysis of
RMD and its active metabolite GS-441524 in plasma. However,
the authors were unable to apply this method in a pharmaco-
kinetic study owing to difficulties in enrolling human volun-
teers. The compounds were detected using a mass spectrometer
which was adjusted at positive electrospray ionization and
multiple reaction monitoring (MRM) modes. The method was
validated with good linearity (r* = 0.998), LOD of 0.24 ng mL "
and 0.98 ng mL~" for RMD and GS-441524, respectively. No
interference was detected when plasma samples were mixed
with 14 antivirals.*

Larabi et al. developed and validated a LC-MS/MS method for
the quantification of RMD and GS-441524 in plasma. Plasma
samples were obtained from Covid-19 treated patients after the
administration of the loading dose. Sodium fluoride was added
to increase the stability of RMD and GS-441524 in plasma. This
was followed by the addition of methanol and ZnSO, (protein
precipitating agent) and RMD13C6 as the internal standard (IS).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The components were detected using TSQ Endura triple-
quadrupole MS adjusted at positive electrospray ionization
mode multiple reaction monitoring mode was utilized for data
collection. The linearity range of RMD was 1-5000 ug L™" while
for GS-441524 it was 5-2500 pg L™'. LODs of RMD and GS-
441524 were 0.3 and 2 pg L7, respectively.®

van Ingen et al. developed and applied a novel bioanalytical
method for the quantification of RMD and its metabolites (GS-
441524 and GS-704277) in human plasma. The samples were
injected on an Acquity UPLC HSS T3 column, the separation was
carried out using gradient elution in a total run time of about
3.4 min. Detection was performed after optimizing the param-
eters to be MRM for all compounds and negative ion mode for
GS-704277 while positive ion mode for GS-5734 (RMD) and GS-
441524 for better sensitivity using mass spectrometer. The
linearity ranges were 4-4000, 2-2000, and 2-2000 ng mL~" for
RMD, GS-441524 and GS-704277, respectively. The proposed
method was found to be accurate (% Er = 11.5%) and precise (%
CV = 6.6%).%

Figg et al. have developed a simple, sensitive, and selective
LC-MS/MS method for the quantification of RMD in human
plasma using RMD-H5 as an internal standard (IS). Electro-
spray ionization (ESI) positive ion mode and MRM were applied
for detection and data collection. The method was validated
according to FDA guidelines and has illustrated good linearity
from 0.5 to 5000 ng mL . It is accurate, precise, sensitive, and
selective (no interference with IS or the background matrix) and
could be used clinically to perform therapeutic dosing and
pharmacokinetic studies.*

Kirkpatrick et al. established the paper spray mass spec-
trometry (PS-MS/MS) method for the determination of RMD and
its metabolite in plasma. The PS technique is based on sample
ionization which allows direct analysis of complex biological
samples without complicated sample preparation steps. Briefly,
the plasma samples were spotted on the paper substrate con-
taining pre-made plastic cassette plates (allows the automatic
analysis of 240 samples), left to dry, followed by the addition of
acetonitrile : water (90 : 10%) with 0.1% formic acid mixture as
a spraying solvent for the generation of the analyte ions under
high voltage (3-5 kV). The sharp end of the paper was closed to
a mass spectrometer to permit the flow of the ions (gaseous
phase) into a triple quadrupole mass spectrometer utilizing
automated technology with a total run time of 1.2 min only.
Acceptable linearity was observed from 20-5000 ng mL " for
RMD and 100-25000 ng mL ' for GS-441524. Compared to
other reported LC-MS/MS methods,*"**** PS-MS/MS sensitivity
should be enhanced due to relatively high values of LOD and
LLOQ of RMD and GS-441524 (ref. 36).

Ponnusamy et al. have developed UHPLC-DAD and UHPLC-
MS/MS for the rapid quantification of RMD in pharmacoki-
netic studies and therapeutic drug monitoring in human
plasma. Sample extraction was done using vortex-assisted salt-
induced liquid-liquid microextraction (VA-SI-LLME) tech-
nique. Analyte solutions were prepared by dissolving the drug in
DMSO : MeOH (30 : 70 v/v). For VA-SI-LLME 2.0 mL of 0.1 N HClI
was added to the sample solution, vortexed for 30 seconds, 2.5 g
of (NH,4),SO, and 500 pL of CAN were added, vortexed for 2
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minutes, centrifuged at 6000 rpm for 5 min, supernatant layer
was collected, simultaneous extraction and drying by using
extraction solvent under nitrogen and finally re-dissolved in
methanol. Five microliters of the analyte was injected on C18
column and isocratically eluted using 0.05% (v/v) formic acid in
ultrapure water: 100% ACN 52:48% at a flow rate of 0.5
mL min~ ' and was detected either using DAD at 254 nm or mass
spectrometer at ESI positive ion mode and multiple reaction
monitoring (MRM) mode. The method was validated according
to FDA guidelines, the linearity ranges were 5-5000 ng mL ™"
and 1-5000 ng mL ™' for UHPLC-DAD and UHPLC-MS/MS,
respectively. LOD and LOQ were 1.5 and 0.3 ng mL™ ' and 5
and 1 ng mL~ " for UHPLC-DAD and UHPLC-MS/MS, respec-
tively. Extraction recoveries for UHPLC-DAD and UHPLC-MS/
MS were ranging from 90.79 to 116.74% and 85.68 to
101.34%, respectively.’”

2.1.3 Analysis in both pharmaceutical dosage forms and
biological matrices. Noureldeen et al. developed two simple and
green analytical spectrofluorimetric methods for the quantifi-
cation of RMD in dosage forms and plasma. The first method
was based on measuring RMD native fluorescence in water
while the second method was based on measuring RMD's
fluorescence in sodium dodecyl sulfate (SDS) aqueous solution.
Fluorescence measurements were recorded at Aey/Aem 241/
410 nm. The obtained linearity range for the first method was
50-500 ng mL ™", while LOD and LOQ were 7.31 and 22.15 ng
mL ", respectively. On the other hand, adding SDS have lowered
the linearity range concentrations to 10-350 ng mL™ ' where
LOD and LOQ were 2.34 and 7.10 ng mL™", respectively. This
proves the importance of the addition of SDS in enhancing the
sensitivity of the measurements. In addition, the greenness of
the methods was validated by the NEMI (all quadrants were
green) and analytical eco-scale (score of 93) greenness evalua-
tion systems. Moreover, Noureldeen et al. have studied the
possibility of using the established methods in quality control
laboratories.?®

Table 1 and 2 summarizes the measurement conditions of
the various analytical methods applied in the quantification of
RMD in pharmaceutical dosage forms and biological matrices,
respectively.

2.2 Molnupiravir (MLP)

2.2.1 Analysis in pharmaceutical dosage forms. Nemutlu
et al. have developed the first analytical method for the analysis
of MLP in pharmaceutical dosage forms and applied it in the
permeability study of self-emulsifying drug delivery systems
(SEDDS). A RP-HPLC was combined with DAD at 240 nm for the
detection. Different stress conditions (thermal, photolytic,
oxidative and forced acidic, and basic degradations) were used
for the degradation of MLP to ensure the selectivity of the
method in the presence of the degradation products. The line-
arity range concentrations was 0.1-60 pug mL ™. The method was
found to be not only selective and linear but also sensitive with
LOD reaching 0.05 pg mL™" and LOQ of 0.1 pg mL~ %3

Repudi et al. have developed a simple and economic chro-
matographic analytical method for routine quantification of
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LOQ

(ng mL™Y)
3

5.55

1.73

(i) 0.022

(ii) 0.007

0.1
(i
(i)
2

LOD
(ng mL ™)
0.03

)
(ii) 2.4
0.5
(i) 0.007
(ii) 0.002

1.67
0.57

Linearity
range (ug mL ™)
0.1-15

(i) 10-60

(ii) 10-60
5-100

2-12

6-100

2 -100

(i) 0.050-0.50
(ii) 0.010-0.350

wavelength (nm)

Detection

240

(i) 247

(ii) Amax = 247
244

418

245

245

(i) X o = 410
(ii) Aem = 241

Detection
DAD
UV-vis
PDA
Densito
DAD

(diode array detector), UV-vis (UV-visible detector), Densito (densitometer), Brij-35

(i) indicates first method; (ii) indicates second method.

PDA

b

0.025 M Brij-35%, 0.1 M SLS** and 0.02 M
layer chromatography), SF (spectrofluorimetry), ACN (acetonitrile), H,O (water), FA (formic acid), DAD
(non-ionic polyoxyethylene surfactant) and SLS (sodium lauryl sulfate is an anionic surface-active agent)

ACN : distilled H,O (55:45 v/v) pH 4
disodium hydrogen phosphate

Acetonitrile and 0.1% formic acid in

water (45 : 55, v/v)

20 mM potassium dihydrogen

phosphate : ACN (50: 50 v/v) pH 7
Ethyl acetate : Ethanol (96 : 4 v/v)

Mobile phase

60 F254 (20 x 10 cm, 200 pum thickness)

Zorbax Eclipse plus C18
(150 x 4.6 mm, 5 um)

Agilent Zorbax Eclipse SB-C18 column
Precoated TLC silica gel aluminum plates

(250 x 4.6 mm, 5 um)
(i) RP-HPLC  Agilent Extend C18 (4.6 mm x 250 mm,

(ii) UV-SPM

Core-shell RP-C18 column Kinetix®
(5 pm, 150 x 4.6 mm)

Chromatographic conditions

Stationary phase
5.0 um particle size

Instrument
HPLC
RP-HPLC
SPM
HPTLC
RP-HPLC
SF

% HPLC = LC (high performance liquid chromatography), RP-HPLC (reversed phase high performance liquid chromatography), UV-SPM (UV-spectrophotometer), HPTLC (high performance thin

Table 1 Summary of the measurement conditions of the various analytical methods applied in the quantification of RMD in pharmaceutical dosage forms®?

Reference

24
25
26
27
28
29
38
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MLP in both bulk and pharmaceutical dosage form since it does
not require complex pretreatment steps like purification.
Additionally, an economic mobile phase and solvent composed
of methanol : phosphate buffer 35:65% v/v was used. Samples
were injected on octadecylsilica HPLC column with an injection
volume of 10 pL and finally detected using UV detector at
236 nm. Validation of the method has confirmed its accuracy,
precision, selectivity and sensitivity with a linearity range from
20 to 100 pg mLfl, % RSD was 0.248 032 and LOD & LOQ were
2.6 and 6.35 pg mL ", respectively.*

Ramzy et al. have developed an economic green computa-
tional spectrophotometric method for the quantification of
MLP in bulk and pharmaceutical dosage form by using the
computational technique using Gaussian 03 software to calcu-
late the highest binding energy (calculated using AE =E,_g — Ea
- nEg, where A is the energy of optimized MLP and B is the
optimized energy) between different phenolic acid dyes (a-
naphthol, B-naphthol, 8-hydroxyquinoline, resorcinol, and
phloroglucinol) and the drug to reduce both cost and time. The
dye 8-hydroxyquinoline was found to be the most suitable dye
when added to MLP in presence of 0.5 mL of hydrochloric acid
(0.5 M) and 0.5 mL sodium nitrite (4%) (diazotization of MLP)
followed by 0.5 mL sodium hydroxide (2 M) and diluted with
ethanol as an eco-friendly solvent as they form red complex
which is detected at 515 nm. According to the ICH guidelines
the method was valid, accurate, precise and green with linearity
range 1-12 pg mL ™", % recovery was 99.820, % RSD was 0.623
and analytical eco-scale score was 79.*

Hasan et al. have established a novel silver-nanoparticles
spectrophotometric method for ecofriendly and cost-effective
assay of MLP routinely in quality control and research labora-
tories and have successfully applied it in studying the dissolu-
tion rate of marketed preparations. This method was based on
a redox reaction between MLP (reducing agent) and silver
nitrate as an (oxidizing agent), both were heated in presence of
polyvinylpyrrolidone (PVP) for stabilization and sodium
hydroxide then the absorbance was measured at 416 nm.
Moreover, electron microscopy was used for visualizing the
silver-nanoparticles. According to the ICH guidelines the
method was valid, linear (100-2000 ng mL '), accurate (Er%
was 0.89), precise (% RSD was 0.60) and eco-friendly (Analytical
eco-scale total score was 95).*>

Abbaraju et al. have developed a RP-HPLC method for the
determination of MLP in bulk form and pharmaceutical dosage
forms. 2 pL of the solution was injected on C18 column, eluted
at 1.5 mL min~ " using ammonium phosphate monobasic and
methanol in the ratio of 47 : 53% v/v then detected using diode
array detector at 260 nm. The method was validated according
to ICH guidelines and the method was linear in the range from
25 to 150 ug mL ™', Forced degradation studies were performed
on the drug under different stress conditions such as acidic,
alkaline, oxidative, thermal, and photolytic conditions and the
peak of the drug was well-resolved from the degradation prod-
ucts. Values for LOD and LOQ were as low as 0.993 ug mL ™' and
0.3 g mL™ ", respectively.*?

Praharsha et al. have developed an accurate, precise, robust,
selective, and sensitive RP-HPLC method for the estimation of
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MLP in pharmaceutical dosage forms. The mobile phase was
composed of orthophosphoric acid : acetonitrile in the ratio of
60:40. Ten microliters of the sample was injected on C18
column then eluted at 1.0 mL min ' then detected using DAD at
253 nm. The method was validated according to ICH guidelines;
the method was linear at 20-60 pg mL™", sensitive LOD and
LOQ were 0.06 pg mL ™" and 0.21 pg mL™ ", respectively, robust
(no changes in the results were observed when slight changes
were altered in the chromatographic conditions), and selective
as no interference was found from the different forced degra-
dation products (acidic, basic, hydrogen peroxide, photolytic
and dry heat degradation products).**

Attia et al. have developed a RP-HPLC method for the
quantification of MLP in pharmaceutical dosage forms and was
applied in quality control assay of the drug. The drug was dis-
solved using a diluent composed of ethanol : water (50 : 50, v/
v%). Fifty microliters of the sample was injected on a C18
column and isocratically eluted in a mobile phase consisting of
20 mM phosphate buffer pH 2.5 :acetonitrile (80:20, v/v%)
flowing at 1.0 mL min " and detected at 230 nm using DAD.
Comparison of the developed method with other reported
methods*****® was performed and no significant differences
were found between them. This method was validated accord-
ing to ICH guidelines, linearity was 0.2-80.0 pg mL~", LOD was
0.04 pg mL "' while LOQ was 0.12 ug mL " indicating high
sensitivity. In addition, the method was robust as no interfer-
ence was observed from the excipients and precise as % RSD
was less than 2%."

Degim et al. have developed a rapid RP-HPLC method for the
quantification of MLP in different matrices (pharmaceutical
dosage forms, biological or non-biological) and validated it
according to the ICH guidelines, the method was linear between
0.010:0.150 mg mL ™, precise as % RSD was less than 2%,
selective (no interference with the excipients of dosage forms)
and robust (no significant changes in the results when there was
a slight changes in temperature, flow rate etc). Ten microliters
of the drug solution was injected on C18 column and isocrati-
cally eluted using 10 mM phosphate buffer (pH 7) : Acetonitrile
mixture (80:20) with a flow rate of 1 mL min~' and finally
detected using DAD at 230 nm.**

Nemutlu et al. have developed the first electrochemical
method for the quantification of MLP in pharmaceutical dosage
forms and applied it in the assay of marketed capsules. The
method was based on electrochemical deposition of reduced
graphene oxide (rGO) on a glassy carbon electrode (GCE) using
cyclic voltammetry (CV). The drug was dissolved in deionized
water and Britton-Robinson buffer (BR) adjusted at pH 9 to
encourage the oxidation of MLP. Analysis was done at 0.2 V by
square wave voltammetry (SWV) against the Ag/AgCl reference
electrode and detection was achieved using electrochemical
impedance spectroscopy and cyclic voltammetry. The method
was validated according to ICH guidelines and was found to be
linear (0.09-4.57 pM), sensitive (LOD and LOQ were 0.03 uM
and 0.09 uM, respectively), accurate and precise (% RSD was less
than 2%), and robust as slight changes in the conditions led to
no changes in the obtained results.*
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2.2.2 Analysis in biological matrices. Marzinke et al. have
used LC-MS/MS for quantification of the pharmacologically
active metabolites (NHC) and intracellular bioactive anabolite
(NHCtp) of MLP in human K,EDTA plasma and peripheral
blood mononuclear lysates (PBMC), respectively and applied it
in pharmacokinetics and pharmacodynamics studies. NHC
with NHCtp-IS solution was injected onto a UPLC column and
detected using a mass spectrometer which was adjusted on the
positive ionization and selective reaction monitoring modes.
Differently, NHCtp in PBMC lysate samples with NHCtp-IS were
injected into an HPLC system, and detected using a mass
spectrometer on negative ionization and selective reaction
monitoring modes. The linearity ranges of NHC and NHCtp
were 1-5000 ng mL " and 1-1500 pmol per sample while LLOQ
was 1 ng mL™"' and 1 pmol per sample for NHC and NHCtp,
respectively.*

Walker et al. have developed a novel analytical LC-MS/MS
method based on the quantification of MLP and its active
metabolite NHC in human plasma and saliva and have
successfully applied it in pharmacokinetic studies. For plasma
samples, "*C'°N2-EIDD-2801 and “*C'°N2-N4-hydroxycytidine
were used as internal standards (IS), whereas the IS used for
saliva samples were '*C'’N2-EIDD-2801 and “*C'°N2-N4-
hydroxycytidine. Detection of the compounds was achieved
using a mass spectrometer at negative ion mode using selective
reaction monitoring (SRM). The method was validated accord-
ing to EMA and FDA guidelines, in both plasma and saliva
matrices. Good linearity was obtained in the concentration
ranges 2.5-5000 ng mL~*.*

Abdel-Megied et al. developed an LC-MS/MS method for the
quantification of NHC in human plasma and applied the
method in studying its pharmacokinetics in Egyptian volun-
teers. NHC and IS (ribavirin) were mixed with plasma and
proteins were precipitated using acetonitrile. A mass spec-
trometer was used for the detection at positive ESI and MRM
modes. The method was validated according to FDA guidelines
with a linearity range from 20-10000 ng mL™". The accuracy,
precision, selectivity, and sensitivity of the established method
were all confirmed.>

2.2.3 Analysis in both pharmaceutical dosage forms and
biological matrices. Saraya et al. have developed a novel, green,
inexpensive, and solvent-free method (ultra-purified water was
used for dissolution and dilution) for the determination of MLP
in tablets and plasma samples. The method is based on
generating green quantum dots from apricot, which binds to
MLP through electrostatic interaction forming fluorescent
products and hence it is called Fluorescent Polyamine Quantum
Dots (PA@CQDs) which acts as a biosensor. A spectrofluorim-
eter F52 was used to measure the fluorescence at 4., 440 nm and
Aem 504 nm. In dosage forms, the method was linear in the
concentration range from 2-70 ng mL ™" and it was found to
highly sensitive (LOQ = 1.61 ng mL "), accurate (% recovery =
100.77%) and precise (% RSD < 0.61%). In plasma samples, the
concentration range was 2-70 ng mL~', the method was
sensitive (LOD was 0.58 ng mL ', LOQ 1.78 ng mL ') precise (%
RSD < 1.90%), and accurate (% recovery = 98.8%). Reusing

© 2023 The Author(s). Published by the Royal Society of Chemistry
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carbon dots for 10 cycles showed a negligible change in relative
fluorescence intensities, so PA@CQDs was the ideal method for
prolonged usage periods.*

Tables 3 and 4 summarizes the measurement conditions of
the various analytical methods applied in the quantification of
MLP pharmaceutical dosage forms and biological matrices,
respectively.

2.3 Nirmatrelvir (NTV) and ritonavir (RTN)

Liu et al. have developed an LC-MS method for the simulta-
neous determination of NTV and RTN in plasma samples.
Sample preparation involved protein precipitation and RMD

View Article Online
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was used as an internal standard. Mass detector was adjusted
on positive polarity mode with ESI and detection parameters
were then optimized. The method was linear over a range of 50-
5000 ng mL ™' for NTV and 10-1000 ng mL ™' for RTN; with
correlation coefficients greater than 0.99 and accurate with a %
relative error E, of +15%."

A green HPLC method was developed by Ramazy et al. for the
determination of NTV and RTN combination in pharmaceutical
dosage form however, the difference between the developed
method and other methods that the stationary phase and
mobile phases were selected using a computational software
(Gauss-view software) that rely on quantum mechanics,

Table 3 Summary of the measurement conditions of the various analytical methods applied in the quantification of MLP in pharmaceutical

dosage forms

Chromatographic conditions

Detection Linearity LOD LOQ
Reference Instrument Stationary & mobile phases Detection wavelength (nm) range (ug mL ") (ug mL ") (ng mL ")
39 RP-HPLC Discovery® HS ACN: H,O (20:80 DAD 240 0.1-60.0 0.05 0.1
C18 column (75 X v/v)
4.6 mm, 3 um)
40 RP-HPLC Symmetry ODS Methanol : uv 236 20-100 2.6 6.35
C18 (150 x 4.6 phosphate buffer
mm, 5 um) (35:65% v/v) pH-
4.2 adjusted with
orthophosphoric
acid
41 Spectrophotometry — — UV-visible 1650 515 1-12 — —
spectrophotometer
42 Spectrophotometry — — UV-visible 416 0.1-2 0.030 0.091
spectrophotometer
and JEOL-1010
transmission
electron
microscope
43 HPLC Waters 2695 using Ammonium DAD 260 25-150 0.3 0.993
an Agilent Zorbax phosphate
Eclipse C18 monobasic and
(250 mm x methanol in the
4.6 mm x 5 um) ratio of 47 : 53% v/
v
44 HPLC Agilent C18 Orthophosphoric DAD 253 20-60 0.06 0.21
(250 mm x 4.6 acid: acetonitrile
mm, 3.6 um) 60:40
47 HPLC Inertsil C18 20 mM phosphate DAD 230 0.2-80.0 0.04 0.12
column (150.0 mm buffer pH 2.5 :
x 4.6 mm, 5.0 um) acetonitrile (80 :
20, % v/v)
48 HPLC Phenomenex C18 10 mM phosphate DAD 230 10-150 — —
column (150 x 4.6 buffer pH 7/
mm, 3 um) acetonitrile
mixture (80 : 20)
49 Cyclic voltammetry — — Electrochemical — 0.09-4.57 uM  0.03 uM 0.09 uM
impedance
spectroscopy &
cyclic voltammetry
52 Fluorescent — — SF Jem 504 nm after 2-70 ng mL™'  0.58ng  1.61 ng
polyamine 10 min of mL "’ mL "
quantum dots excitation at Ay
440 nm

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Summary of the measurement conditions of the various analytical methods applied in the quantification of MLP in biological matrices

Chromatographic conditions

Stationary Detection Linearity LOD LOQ
Reference Matrix Instrument phases Mobile phases  Detection wavelength range (ng mL ") (ng mL ") (ng mL ")
45 Plasma LC-MS/MS Waters C18 1 mM MS — 2.5-5000 — —
XBridge column ammonium
(3.5 pm: 100 mm acetate & 1 mM
x 2.1 mm) ammonium
acetate in ACN
50 Plasma- LC-MS/MS Zorbax Eclipse ~ FAin H,O and FA MS — 1-5000 — 1 ng mL™'-1
PBMC* Plus C18 UPLC  in ACN-50 mM pmol per sample
column, (50 mm ammonium for NHC
x 2.1, 3.5 um)-  formate:5 mM
Scherzo SM-C18, ammonium
column (50 mm hydroxide (MPA)
X 3,3 um) and 80 mM
ammonium
formate : 8 mM
ammonium
hydroxide in
(80:20) H,O:
ACN
51 Plasma LC-MS/MS Agilent Zorbax  0.2% acetic MS — 20-10000 — 20.0
Eclipse plus C18, acid : methanol
T3 (150 x 4.6 (5:95 v/v)
mm, 5 um)
52 Plasma Fluorescent — — SF Aem 504 nm after 2-70 0.58 1.78
polyamine 10 min of
quantum dots excitation at Aey
440 nm

“ PBMC (peripheral blood mononuclear lysates).

molecular dynamics and semi empirical structure-properties
relationships. Depending on the physical interaction between
the drugs and the stationary phases the most appropriate
stationary phase was C18 column (among C8, C18, Cyano
column) and the most green and suitable mobile phase was
ethanol : water (80 : 20, v/v) using the following equation.*

AE:EA,B *EAfEB

where A is the energy of the molecular structure of the nirma-
trelvir or ritonavir, B is the energy of the molecular structure of
column units and AE is the binding energy.

The drugs were dissolved in ethanol, injected on C18
column, and eluted isocratically using ethanol : water (80 : 20 v/
v) with flow rate 1 mL min~" and detected using DAD at 215 nm.
The method was validated using ICH guidelines, the method
was linear 1.0-20.0 pg mL ™", selective, accurate LOD was 0.20,
0.32 pug mL~" while LOQ was 0.60, 0.96 ug mL~" for NTV and
RTN, respectively and green (according to analytical eco-scale,
the green analytical procedure index and the AGREE evalua-
tion method).

Aboras et al. have developed two white and novel analytical
methods for the determination of NTV and RTN in pharma-
ceutical dosage forms and have successfully applied it in the

13234 | RSC Adv, 2023, 13, 13224-13239

quantification of Paxlovid®. Micellar Electrokinetic Chromato-
graphic (MEKC) was the first method, they used 50 mM borate
buffer at pH 9.2 20 with 25 mM sodium lauryl sulfate (SDS) as
background electrolyte (BGE) and they injected hydrodynami-
cally on a 21 deactivated fused silica capillary at 50 mbar pres-
sure, for 17 s using a voltage of 30 kv. The drugs were dissolved
in methanol, injected after the activation of silica wall with
0.1 M NaOH. Both drugs were detected at 210 nm using DAD
detector. Second method was RP-HPLC, by 20 uL of the solution
was injected on C18 column and eluted using 50 mM ammo-
nium acetate buffer at pH 5 and acetonitrile isocratically at 1
mL min " flow rate then also detected using DAD at 210 nm.
They have also studied the effect of various stress conditions
such as acid, base, neutral, oxidative and photolytic degradation
on the selectivity of the developed methods. Both methods were
validated according to ICH guidelines; the two methods were
linear between 10-200 pg mL~" for NTV and 5-100 pug mL ™"
RTN in both methods, white and green upon using Hexagon,
AGREE and RGB12 techniques. The methods were found to be
sensitive with detection limits reaching 0.83 and 1.95 pg mL ™"
using MEKC and 2.22 and 1.23 pg mL~" using HPLC for NTV
and RTN, respectively, accuracy and precision were confirmed
with RSD% and Er% less than 2%.>*

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Bode-Boger et al. have developed an accurate, selective, and
sensitive (detecting concentrations at nanogram level) LC-MS/
MS method for the determination of NTV and RTN in human
plasma and have successfully applied it in therapeutic drug
monitoring in patients who was hospitalized Covid-19 in
a deteriorated condition. The drugs in methanol and Dg-rito-
navir was used as internal standard then human plasma was
spiked, protein precipitation was performed using methanol
and after processing and filtration 20 pL was injected on C18
column and eluted gradiently using 90% aqueous buffer (1 g
ammoniumformate and 1 mL formic acid in 1 L water, pH 3.5)
and 10% acetonitrile, after 1 min 30% buffer and 70% aceto-
nitrile and after 9 min they used the first composition (90%
buffer and 10% water). Detection was performed using the
turbo-ion-spray source of the mass spectrometer without split-
ting after it was adjusted at the positive mode for both drugs.
The method was validated according to ICH guidelines, it was
linear between 10-10000 ng mL ™" and 2-2000 ng mL " for NTV
and RTN, respectively, sensitive with LLOQ values of 10 ng mL ™"
and 2 ng mL~" for NTV and RTN, respectively, and selective
since no interference was detected.>

Tables 5 and 6 summarize the measurement conditions of
the various analytical methods applied in the quantification of
NTV and RTN in pharmaceutical dosage forms and biological
matrices, respectively.

2.4 Drug combinations

2.4.1 Remdesivir and favipiravir. Shabana et al. proposed
a simple and sensitive spectrofluorometric method based on
the first derivative synchronous spectrofluorimetry approach for
the estimation of RMD and FVP in dosage forms and biological
fluids. Samples were analyzed using a spectrofluorometer at
251 nm and 335 nm for RMD and FVP, respectively and the delta
lambda (AA) was found to be 140 nm. The method exhibited
high sensitivity shown in the low linearity ranges in the nano-
gram scale (20-100 and 40-100 ng mL ™" for RMD and FVP) and
limits of detection approaching 2.83 and, 3.62 ng mL~* for RMD
and FVP, respectively. Ecofriendly solvents were used during all
procedures, which adds greenness to the numerous advantages
of this method.*

Attia et al. developed a sensitive, simple TLC method and
applied it for the simultaneous estimation of RMD and FVP in
dosage forms and human plasma using TLC plates without
any significant interference. Samples were spotted on normal
phase TLC plates, then developed using a mobile phase
composed of ethyl acetate-methanol-ammonia and visual-
ized at 235 nm. The method was linear over a range of
concentrations from 0.20-4.50 and 0.08-5.00 pg per band for
RMD and FVP, respectively, sensitive with LOD of 0.04 and
0.12 ng per band for RMD and FVP, respectively. The green-
ness of this method was verified using the National Environ-
mental Method Index (NEMI) and Eco scale metric systems
with a score of 80.%”

Eid et al. have successfully developed five simple and green
spectrophotometric methods for the simultaneous determi-
nation of RMD and FVP combination in both human plasma

© 2023 The Author(s). Published by the Royal Society of Chemistry

Table 5 Summary of the measurement conditions of the various analytical methods applied in the quantification of NTV and RTN in pharmaceutical dosage forms®

Chromatographic conditions

Linearity

Detection

10Q (ug L)

LOD (ug mL™Y)

wavelength  range (ug mL ™)

Detection

Mobile phase

Stationary phase

Instrument

Reference

0.60 for NTV 0.96 for RTN

0.20 for NTV 0.32 for RTN

1.0-20.0

215 nm

DAD

Ethanol : Water
(80:20, v/v)

BDS Hypersil C18 column
(250 x 4.6 mm, 5 um

particle size)

HPLC

53
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i) 0.83 for NTV 1.95 for RTN
(ii) 2.22 for NTV 1.23 for RIN

10-200 for NTV
5-100 for RTN

210 nm

UV-visible
detector
DAD

(i) 50 mM borate
buffer at pH 9.2 with
25 mM sodium lauryl
sulfate (SDS)

(if) 50 mM ammonium
acetate buffer at pH 5
and acetonitrile

(i) Deactivated fused silica
capillary (50 cm effective
length x 50 pm id)

(ii) Zorbax-Eclipse C18

(4.6 x 250 mm, 5 um
particle size) column

(i) MEKC
(if) HPLC
“ Micellar Electrokinetic Chromatographic (MEKC).
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Table 6 Summary of the measurement conditions of the analytical method applied in the quantification of NTV and RTN in biological matrices

Chromatographic conditions

Linearity range LOD LOQ

Reference Matrix Instrument Stationary & mobile phases Detection (ng mL ™) (ng mL™") (ng mL™")

17 Plasma LC-MS/MS Thermo BDS Hypersil C18 Deionized H,O and MS NTV: 50-5000 — NTV: 50
column (4.6 x 100 mm, methanol and both RTN: 10-1000 RTN: 10
2.4 pm) contained 0.1% (v/v) FA

55 Plasma LC-MS/MS Zorbax XDB-C18 2.1 x 50 90% aqueous buffer (1 g QTRAP 4500MD mass NTV: 10-10000 — NTV: 10
mm, partical size 3.5 pm ammoniumformate and spectrometer RTN: 2-2000 RTN: 2

1 mL formic acid in 1 L
water, pH 3.5) and 10%
acetonitrile for 1 min,
then 30% buffer and 70%
acetonitrile for 9 min,
then 90% buffer and 10%

water

and pharmaceutical dosage forms, namely (I) direct measure-
ment (at Apax 244 and 323 nm), (II) derivative (RMD was
second-ordered at 248 nm while FVP was first-ordered at 337
nm), (III) dual wavelength (RMD was determined at 207-
244 nm but FVP was determined at 330-400 nm), (IV) ratio
subtraction (272-340 nm for RMD and 222-335 nm for FVP),
and (V) ratio derivative (both drugs were derivatized to first
order and measured at 340 nm and 280 for FVP and RMD,
respectively). All methods were validated according to the ICH
guidelines and the linearity ranges were the same for the five
methods for RMD it was 1-10 pg mL™ ", while in the first two
methods for FVP it was 1-20 ug mL ™' and for the rest of
methods it was 2-20 pug/mL.>®

2.4.2 Analysis of RMD, FVP, and dexamethasone (DEX) in
human plasma. Abdelfatah et al. have developed a UPLC
method for the simultaneous analysis of RMD, FVP, and DEX
using anticoagulant apixaban (PX) as an internal standard in
human plasma. The developed method may be applied for
therapeutic drug monitoring in COVID-19 patients. Samples
were injected on reversed phase C18-UPLC column using
a mobile phase composed of methanol : acetonitrile : water (15 :
35:50 v/v/v) adjusted at pH 4 in a run time of 3.65 min and
detected at 240 nm. The linearity range for the three drugs was
0.1-10 pug mL~". According to the FDA guidelines, the method
proved be accurate, precise, selective, sensitive, and green (Eco-
Scale score = 83).*°

Molnupiravir, favipiravir, and ritonavir in pure form and in
pharmaceutical dosage forms: Ibrahim et al. have developed
a simple HPTLC method for the quantification of the orally
active antivirals MLP, RTN, and FVP which were used in the
treatment regimens of Covid-19. Samples were spotted on Silica
gel 60F254 thin layer chromatography plates and then devel-
oped using methylene chloride : ethyl acetate : methanol : 25%
ammonia (6:3:4:1,v/v/v/v) as a mobile phase and the chro-
matogram was visualized at 289 nm. The obtained linearity
ranges for FVP and MLP were 3.75-100.00 pg mL ™' and 2.75-
100.00 pg mL " for RTN. The method was proven to be sensitive
(LOD = 1.12, 1.21, and 0.89 ug mL~" for FVP, MLP, and RTN,

13236 | RSC Adv, 2023, 13, 13224-13239

respectively), robust, and inexpensive as it requires simple tools
and recyclable reagents. Additionally, the greenness of the
developed method was confirmed by the GAPI and AGREE
(score of 0.62) metric systems.*

2.4.3 Molnupiravir and favipiravir in pharmaceutical
dosage forms. Sayed et al. have optimized two novel and simple
techniques employing HPLC and mathematically assisted UV
spectroscopic techniques for the assay of MLP and FVP,
simultaneously. The methods were implemented in studying
the dissolution of marketed tablets to determine its dissolu-
tion rate in the body (in vitro dissolution studies). The first
method was micellar HPLC involving injection of samples on
RP-C18 core-shell column using organic solvent-free mobile
phase (0.1 M SDS, 0.01 M Brij-35, and 0.02 M monobasic
potassium phosphate mixture at pH 3.1, followed by detection
using UV detector at 230 nm. Multivariate chemometric
method provides high resolution unlike the univariate method
which uses classical least square (CLS), principal component
regression (PCR), partial least squares (PLS-1), and genetic
algorithm-partial least squares (GA-PLS-1). The spectropho-
tometric conditions were adjusted to be not less than 350 nm
with a spectral zone from 210-350 nm at a 1 nm interval to
obtain 141 spectral points. HPLC method was validated
according to FDA guidelines; the linearity range was 0.5-50.0
ug mL " for both drugs and LOD was 0.04 and 0.02 pg mL ™"
for FVP and MLP, respectively. In the chemometric method,
the linearity range was 6-22 pg mL ™" for both drugs with high
accuracy and precision results. In conclusion, both methods
are simple as no complex sample pretreatment process was
required and green according to AGREE and GAPI systems
since no organic solvents were used, however the HPLC
method is preferred when sensitivity, selectivity, and green-
ness are required while GA-PLS-1 can be used for low-cost
analysis.**

Tables 7 and 8 summarizes the measurement conditions of
the various analytical methods applied in the quantification of
the different drug combinations pharmaceutical dosage forms
and biological matrices, respectively.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 8 Summary of the measurement conditions of the various analytical methods applied in the quantification of different drug combinations in biological matrices”

Analytical conditions

Detection
Instrument Detection wavelength (nm) Linearity range

LOQ

LOD

Mobile phase

Ref Matrix Stationary phase

RMD 2.83 ng mL~' RMD 8.57 ng mL "

RMD: 251 RMD 20-100 ng mL ™!

FVP: 335

SF

56 Plasma —

FVP 40-100 ng mL~'  FVP3.62ng mL~ ' FVP 10.79 ng mL "

AX: 140

Densito 235 nm

RMD 0.12 pg per

band

RMD 0.04 pg per

band

RMD 0.20-4.50 pg per

band

ammonia TLC

Ethyl acetate : methanol :

57 Plasma 20 x 20 cm pre-coated silica gel

aluminum plates (60 F254, 0.1 mm (8:2:0.2 by volume)

thickness)

FVP 0.07 ng per

band

FVP 0.12 pg per

band

FVP 0.08-5.00 ug per

band

13238 | RSC Adv, 2023, 13, 13224-13239

0.1 pg mL™"

0.1-10 pg mL ™"

240 nm

DAD

Methanol : ACN : H,O (15 : 35 : 50, by UPLC

volume) at pH 4

59 Plasma BEH Cyg (150 mm x 2.1 mm, 1.7

pm)

PDA(diode array detector), Densito (densitometer), UV-SPM (UV-spectrophotometer).

thin layer chromatography, DAD

“TLC =

View Article Online

Review

3. Conclusion

This review encompasses the different analytical methods used for
the analysis of currently used drugs and drug regimens applied in
the treatment of Covid-19 patients. After literature screening, we
observed that most of the developed methods were used for the
analysis of RMD and most of them were dependent on using LC-
MS/MS under different analysis conditions. In addition to the
traditionally known method; there were novel techniques devel-
oped for the analysis of the above-mentioned drugs including
quantum dots and computational chemistry. This review puts the
bases for analysts who are seeking the development of more
accurate, selective, and time-saving methods in both biological
fluids and different pharmaceutical dosage forms for more
understanding of pharmacokinetics and more efficient quality
control analysis of medications used in Covid-19 therapy.
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