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ARTICLE INFO ABSTRACT

Keywords: A great demand for discovering new therapeutic solutions has been considered all over the world for managing
Re“}d.eSi"'ir the rapidly progressing COVID-19 pandemic. Remdesivir (REM) and Favipiravir (FAV) are introduced as
22’\1}1’]1;31"9“ promising newly developed antiviral agents against the corona virus as evidenced by the clinical findings. Hence,

the optimization of an analytical method for their simultaneous determination acquires potential importance in
quality control labs and further confirmatory investigations. Herein, a green, sensitive, and selective densito-
metric method has been proposed and validated for determination of REM and FAV in pharmaceutical formu-
lations and spiked human plasma on normal phase TLC plates. A solvent mixture of ethyl acetate-methanol-
ammonia (8:2:0.2 by volume) has been chosen as developing mobile phase system. Well resolved spots have been
detected at 235 nm with retardation factors (R¢) of 0.18 and 0.98 for REM and FAV, respectively. A validation
study has been carried out in the light of ICH guidelines. Remdesivir and FAV have shown excellent sensitivities
with quantitation limits down to 0.12 and 0.07 pg/band, respectively. The developed method has been suc-
cessfully applied to tablet formulations and spiked plasma with excellent recoveries ranged from 97.21 to
101.31%. The greenness of the method has been evaluated using the standards of greenness profile and Eco-
Scale. It has passed the four greenness profile quadrants and achieved 80 score in Eco-Scale.

TLC-densitometry
Human plasma

1. Introduction

Coronavirus disease (COVID-19) has been declared as a global
pandemic by WHO on March 2020 with more than 227 million
confirmed cases worldwide and up to 4.6 million deaths until September
2021 [1]. The riskiness is attributed to its severe acute respiratory
syndrome affecting the lower respiratory tract inducing fatal pneumonia
[2]. The recent approval of different vaccines failed to restrain the life
threating pandemic. This could be due to the unavailability and in-
adequacy of vaccination, mutation in addition to the lack of alternative
viable therapeutic options [3]. Consequently, repurposing the usage of
the currently marketed antiviral drugs such as Remdesivir (REM) and
Favipiravir (FAV) is considered a viable and instant option [4,5].

* Corresponding author.

Chemically, REM is 2-ethylbutyl (2S)-2-[[[(2R,3S,4R,5R)-5-(4-ami-
nopyrrolo  [2,1-f][1,2,4]triazin-7-yl)-5-cyano-3,4-dihydroxyoxolan-2-
yl] methoxy-phenoxyphosphoryl] amino] propanoate, Fig. 1, which
was firstly synthesized by Gilead Sciences for management of Ebola
virus infections [6]. While, FAV, Fig. 1, is 6-fluoro-3-hydroxy-2-pyrazine
carboxamide and it was developed by Toyama Chemical Company in
Japan as anti-influenza therapy [7,8]. Both antivirals are acting as RNA
polymerase inhibitors and hence preventing replication of the corona-
virus [9,10].

To the best of our knowledge, few analytical methods have been
proposed for determination of REM and FAV such as liquid chroma-
tography [11-22], electrochemical techniques [23-25], and spectro-
fluorimetric methods [14,26,27]. It is worth noting that most of
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Fig. 1. Chemical structure of (a) Remdesivir and (b) Favipiravir.

published methods suffer from using expensive analytical instruments
and hazardous chemicals, time consuming, and need well-trained
personnel.

Nowadays, the greenness of analytical methods [28-32] is consid-
ered prerequisite as it provides safety of both individuals and environ-
ment by reducing consumption of carcinogenic solvents or replacing
them by more green ones [33]. Additionally, it provides several ad-
vantages over the traditional analytical methodologies such as reducing
cost of analytical performance and amount of chemical waste through
miniaturization, skipping pretreatment, improving precision through
automation, and enhancing selectivity through involving of kinetic as-
pects. This manuscript has afforded a simple and environment friendly
TLC-densitometric way for the simultaneous analysis of REM and FAV as
raw, in pharmaceuticals, and in spiked plasma samples. The developed
method provides greenness in addition to overcoming drawbacks of
other techniques.

2. Experimental
2.1. Apparatus

Camag® TLC scanner with linomat 5 (Switzerland) equipped with
WinCATS® programme (V 1.4.4) was utilized. The following specifica-
tions were properly considered; 4 mm and 0.45 mm as slit dimension,
20 mm/s as scanning speed, deuterium lamp as radiation source,
absorbance mode as the scan mode, and chromatogram and integrated
peak area as output. TLC tank (26.5 cm height x 27 cm width x 7 cm
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diameter; Sigma-Aldrich® Co., USA), 20 x 20 cm pre-coated silica gel
aluminum plates (60 F254, 0.1 mm thickness), Allugram SIL G/UV 254
(Machenary-Nagel, Germany), and TLC-Hamilton® glass syringe. Digi-
tal analytical balance (AG 29, Meltter Toledo, Glattbrugg, Switzerland),
tabletop low speed centrifuge model with maximum speed 4000 rpm
(TD3, Taiwan), and sonicator (Sonix TV ss-series, New York, USA) were
used throughout the investigation.

2.2. Materials and reagents

REM and FAV authentic samples were kindly supplied as gifts from
EVA Pharma (Giza, Egypt) with claimed purity of 100.68 % =+ 1.04 and
99.98 % + 1.57, respectively, according to the reported HPLC methods
[13,18]. Methanol, ethanol, ethyl acetate, and ammonia of analytical
grade were purchased from El-Nasr Pharmaceutical Chemicals Co.
(Cairo, Egypt). The plasma samples were provided by the National
Egyptian Blood Bank and stored at —20 °C until used.

2.3. Pharmaceutical formulation

Remdesivir-Rameda® for 1.V injection lyophilized powder (batch no.
203242) was purchased from the local market and claimed to have
100.00 mg REM/vial (Rameda Pharmaceuticals, 6th of October city,
Giza, Egypt). Avipiravir® tablets (EVA Pharma, Giza, Egypt; batch no.
2103008) were claimed to have 200.00 mg FAV/tablet and also ob-
tained from the Egyptian market.

2.4. Standard solutions

Stock standard solutions of REM and FAV (1.00 mg/mL) were pre-
pared by weighing 100.00 mg of each into two separate 100-mL volu-
metric flasks, and then the volumes were made up to the mark by
ethanol and methanol for REM and FAV, respectively. The prepared
stock solutions were stable in the refrigerator for 10 days.

2.5. Procedures

2.5.1. Chromatographic conditions

The TLC plates were saturated for 15 min in the chromatographic
chamber by the eluent system; ethyl acetate-methanol-ammonia
(8:2:0.2 by volume), and then samples were applied as bands 1 cm from
the bottom edge. Afterwards, the chromatographic development took
place and plates were air dried and scanned at 235 nm.

2.5.2. Construction of the calibration plots

Two concentration sets of REM and FAV were prepared in methanol
and ranged; 20.00 — 450.00 and 8.00 — 500.00 pg/mL, respectively.
About 10.00 pL aliquots of each flask were injected onto TLC plates in
triplicates to get concentrations in the ranges of 0.20 — 4.50 and 0.08 —
5.00 pg/band of REM and FAV, respectively. Calibration plots were
constructed as concentrations (ug/mL) against the corresponding areas
under the peaks.

2.5.3. Invitro calibration plots

Into 10-mL volumetric flasks, one milliliter plasma samples were
spiked by different concentrations of the investigated analytes. About
two milliliters acetonitrile as a protein denaturation agent were added
and the volumes were made up with methanol. Flasks were vortexed for
2 min and centrifuged at 4000 rpm for 20 min. The clear supernatants
were transferred into 10-mL volumetric flasks and made up to the mark
by methanol to get final concentration ranges of 20.00 — 450.00 and
8.00-500.00 pg/mL for REM and FAV, respectively. Aliquots of 10.00 pL
of each concentration flask were applied to the TLC plates in triplicate to
get concentrations ranges of 0.20 — 4.50 and 0.08 — 5.00 pg/band of REM
and FAV, respectively. Calibration plots were constructed and a blank
experiment was carried out simultaneously.
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2.5.4. Analysis of pharmaceutical formulations

Stock solutions (1.00 mg/mL) of both analytes were prepared. An
amount of REM lyophilized powder equivalent to 25.00 mg was trans-
ferred into a 25-mL volumetric flask, diluted with 10.00 mL distilled
water, shaked well, and made up to the mark with the same solvent. The
contents of ten Avipiravir® tablets were precisely weighed and ground
to fine powder. A quantity corresponding to 25.00 mg was transferred
into a 25-mL volumetric flask. Ten milliliters methanol were added, and
the flask was sonicated for about 20 min. The volume was made up to
25.00 mL with methanol and then filtered using a 0.45-mm membrane
filter.

Definite volumes of each stock solution were diluted with methanol
to get working ones. The percentage recoveries of REM and FAV were
estimated using the relevant regression equations for each drug, and also
standard addition was applied to determine the validity of the method.

3. Results and discussion

A validated, sensitive, selective, quick, and cost-effective TLC-
densitometric method was developed for determination of REM and FAV
with minimal environmental impact. The developed TLC method has the
advantages of separating several analytes concurrently with low solvent
consumption and with a relatively easy sample preparation procedure.
To attain good resolution with acceptable R¢ values and sharp symmetric
peaks, different chromatographic conditions were optimized.

3.1. Method development and optimization

The factors affecting the proposed TLC-densitometric method were
adjusted including; eluent composition, saturation time, and scanning
wavelengths. Different mixtures of chloroform and methanol in different
ratios were tested firstly but FAV had exhibited peak tailing. To improve
greenness of the method as well analysis efficiency, different eco-
friendly solvent mixtures were investigated as ethyl acetate-acetone
(8:2, v/v), ethyl acetate-ethanol (8:2, v/v), and ethyl aceta-
te-methanol (8:2, v/v). Upon testing the first solvent combination, only
REM was eluted but FAV and plasma peaks were retained on the base
line. The second one has afforded slightly resolved peaks with bad res-
olution. On the other hand, the third one has yielded more resolved
peaks but with tailed FAV peak. Different ratios of acetic acid and
ammonia solution were investigated to the third solvent mixture. Bad
resolution was obtained with acetic acid, while ammonia solution had
improved the resolution with sharp peaks. Saturation times of (10-30
min) were examined as it had a significant impact on chromatographic
separation [34]. Satisfactory results were obtained with saturation time
of 15 min. Different scanning wavelengths were investigated (215, 220,
230, 235 nm) and 235 nm has shown best sensitivity with optimum
signal-to-noise ratios. Finally, ethyl acetate-methanol-ammonia
(8:2:0.2, by volume) mixture was selected as the developing system at
235 nm. The R¢ values were found to be 0.18 and 0.98 for plasma, FAV
and REM, respectively Fig. 2.

3.2. Method validation

Validation was carried out according to the ICH guidelines regarding
linearity range, accuracy, precision, detection and quantitation limits,
robustness, and system suitability parameters [35].

3.2.1. Range of linearity

The calibration plots were conducted under the specified chro-
matographic conditions. Good correlation coefficients were obtained
over the concentration range of 0.20 — 4.50 and 0.08-5.00 pg/band, for
REM, and FAV, respectively. Regression equations were found to be:

y1 = 4.1936 xggm + 0.7534 r = 0.9999

yo = 1.7891 xpay + 0.3069 r = 0.9999where, y is the peak area at 235
nm, x is the concentration in pg/band, and r is the correlation
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coefficient. This has proven the good linearity of the developed method.
Regression and analytical parameters were summarized in Table 1.

3.2.2. Accuracy

The accuracy of the developed method was assessed by analyzing
five concentrations within linearity range of analytes in triplicates and
expressed as percentage recoveries. The results obtained have demon-
strated the high reliability and accuracy of the developed method,
Table 2.

3.2.3. Precision

The precision was evaluated through intra-day (repeatability) and
inter-day fluctuations by analyzing three concentrations of each drug
three times on the same and on three successive days, respectively. The
relative standard deviation (%RSD) values obtained were less than 2.00
%, demonstrating that the proposed method is precise, Table 3.

3.2.4. Limits of detection and quantitation

Sensitivity of the developed method was evaluated through deter-
mining limits of detection (LOD) and quantitation (LOQ); LOD; (3.3 *
6)/ S and LOQ; (10* o)/ S, where (c) is the standard deviation of
intercept and (S) is the average slope. The limits of detection and
quantitation were 0.04 and 0.12 ng/band for REM, and 0.02 and 0.07
pg/band for FAV, demonstrating excellent sensitivity of the method,
Table 1.

3.2.5. Robustness

In order to evaluate the robustness, minor but deliberate variations
in chromatographic method parameters were made and expressed as the
percentage relative standard deviation (% RSD). Small variations were
performed in the mobile phase system composition; ethyl acetate,
methanol volumes (40.10 mL), formic acid volume (40.05 mL), and
saturation time (£+5 min). The results have shown that the investigated
parameters had no significant influence, and that the procedures were
both robust and reliable, Supporting information Table 1.

3.2.6. System suitability parameters

The system suitability parameters were investigated namely; sym-
metry factors, selectivity, and resolution parameters. The obtained
values were within the acceptable limits as summarized in Table 4.

3.3. Application to pharmaceutical formulations

The proposed method was applied to REM and FAV in their phar-
maceutical formulations. Satisfactory percentage recoveries were ob-
tained. The results were compared to previously reported ones [13,18]
using variance f-test and student’s t-test. No significant differences were
observed, Table 5, and this proves that there is no excipients interfer-
ence. The standard addition technique was examined for more assess-
ment of accuracy of the TLC-densitometric method. The results were
acceptable, demonstrating the high accuracy of the proposed method,
Table 5.

3.4. Application to spiked human plasma

The developed method has exhibited high sensitivity in human
plasma. The results obtained prove the ability of the developed method
for estimation of the studied drugs in human plasma without any
interference from plasma components, Fig. 2, Supporting information
Table 2.

3.5. Developed method greenness assessment
Green analysis is defined by the absence or minimum use of haz-

ardous chemicals, the absence of waste, and the reduction of energy
usage. The greenness profile and Eco-Scale methodology were
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Fig. 2. TLC-densitograms of (a) blank plasma, (b) mixture of pure favipiravir and remdesivir and (c) mixture of favipiravir and remdesivir in spiked human plasma.
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Table 1
Analytical parameters for determination of REM and FAV by the proposed TLC-
densitometric method in pure form and spiked human plasma.

Parameters Pure samples Spiked human plasma
samples
REM FAV REM FAV
Linearity range (pug/ 0.20 - 0.08-5.00  0.20 - 0.08 -
band) 4.50 4.50 5.00
Correlation coefficient (r) 0.9999 0.9999 0.9998 0.9999
Determination coefficient ~ 0.9999 0.9999 0.9998 0.9999
(8]
Slope (b) 4.20 1.7891 3.7877 1.61
Intercept (a) 0.7534 0.3069 0.9321 0.6428
SD of slope 0.01863 0.0009014 0.02436 0.004249
SD of intercept 0.05317 0.002443 0.06953 0.01193
LOD (pg/band) 0.04 0.02 0.06 0.02
LOQ (pg/band) 0.12 0.07 0.18 0.07

LOD, limit of detection; LOQ, limit of quantitation.

Table 2
Evaluation of accuracy for determination of REM and FAV using the proposed
method.

Sample REM FAV
number

Taken Found® % Taken Found® %

(ng/ (ng/ Recovery (ng/ (ng/ Recovery

band) band) band) band)
1 0.20 0.202 101.10 0.08 0.078 98.65
2 0.80 0.804 100.61 0.40 0.39 98.59
3 1.50 1.49 99.95 2.50 2.51 100.58
4 2.50 2.49 99.76 4.00 4.005 100.14
5 4.50 4.54 100.90 5.00 4.95 99.11
Mean 100.46 99.41
SD 0.58 0.89
%RSD 0.58 0.90

SD, standard deviation; RSD, relative standard deviation.
# Average of three determinations.

investigated in order to assess the greenness of the proposed TLC-
densitometric method [36,37].

3.5.1. Proposed method greenness profile

Greenness profile of the developed method was assessed according to
National Environmental Method Index (NEMI) [36]. It depends on using
of non-persistent, bio accumulative and toxic solvents (PBT). The sol-
vents utilized in the developed method were ethyl acetate and methanol,
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recommended TLC-densitometric method saved solvents with producing
minimal quantities of waste. For these reasons, it passed the four
quadrants of the greenness profile and considered an ecofriendly green
method, Table 6.

3.5.2. Eco-Scale of the developed method

Eco-scale is a simple approach that can easily apply in quality control
laboratory practice. It is determined by calculating penalty points to all
of the established method’s parameters that include reagents amount,
occupational hazards, waste, and energy using the following equation
(analytical Eco — Scale score = 100 — total penalty) [37]. If the score is
greater than 75, the analytical method is regarded to be outstanding
green analysis. The developed TLC-densitometric method had an Eco-
Scale score of 80, Table 6; for that it is considered to be a green one.

4. Conclusion

New, simple, green and highly sensitive TLC-densitometeric method
has been developed for the first time for monitoring REM and FAV
simultaneously. The proposed method is deemed green and ecologically
friendly that could be utilized in quality control laboratories with
elimination of carcinogenic and environmentally hazardous solvents
that are commonly employed in chromatographic procedures. It was
successfully validated and applied for estimation of the studied com-
ponents in pure form, pharmaceutical dosage forms, and plasma sam-
ples. It has the advantages of being rapid, low cost, and small amount of
solvents consumption.
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Table 4
System suitability testing parameters of the developed TLC-densitometric
method.

. . Parameters FAV REM Reference value [38,39]
which are not PBT. Furthermore, the developing system pH was around
8 and therefore it was not deemed corrosive. Also, the waste generated Tailing factor (T) 0.92 081 Less than 2
. Selectivity (a) 10.37 More than 1
per sample was 5 g/run (volume of developing system used per run/ Resolution (RS) 6.38 More than 1.5
number of samples). According to the aforementioned findings, the
Table 3
Precision study for the developed TLC-densitometric method.
Parameters REM FAV
0.20 pg/band 2.60 pg/band 4.50 pg/band 0.40 pg/band 2.50 pg/band 5.00 pg/band
Intraday 1 100.51 100.88 100.42 100.58 100.58 100.10
2 101.10 101.62 100.90 99.59 100.96 99.11
3 100.96 100.35 101.85 99.68 99.97 100.26
Mean 100.86 100.95 101.06 99.95 100.50 99.82
SD 0.31 0.63 0.72 0.54 0.49 0.62
%RSD 0.30 0.63 0.72 0.54 0.49 0.62
Interday 1 100.51 100.88 100.42 100.58 100.58 100.10
2 101.96 99.42 99.57 98.59 99.68 99.11
3 101.58 99.77 98.56 99.68 98.76 100.86
Mean 101.35 100.02 99.52 99.61 99.68 100.02
SD 0.75 0.76 0.93 0.99 0.90 0.87
%RSD 0.74 0.76 0.93 1.00 0.90 0.87

SD, standard deviation; RSD, relative standard deviation.
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Table 5
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Determination of REM and FAV in their pharmaceutical formulations by the proposed TLC-densitometric method with application of standard addition technique, and
statistical comparison of the obtained results using the reported HPLC methods [13,18].

Pharmaceutical formulation Found® (% + S.D)  Standard addition technique Reported method”  t-test”  F- test”
Added (ug/band) % Recovery”

Remdesivir-Rameda® lyophilized powder for 1.V injection (1.00 pg/band)  99.86 + 0.82 0.50 101.31 100.68 + 0.61 1.77 1.76
1.00 100.10
1.50 101.2

(Mean =+ S.D) 100.90 + 0.69

Avipiravir® tablets (1.00 pg/band) 104.24 £ 0.70 0.50 98.57 103.18 + 0.99 1.93 1.98
1.00 100.25
1.50 100.66

(Mean =+ S.D) 99.82 £1.10

@ The values are the mean of five determinations.

b The values are the mean of three determinations.

¢ The tabulated values of t-test and F test at 0.05% are 2.306 and 6.388, respectively.

Table 6
Greenness assessment of the developed TLC method by Analytical Eco-scale and NEMI.

Eco-scale NEMI

Parameters Penalty points

Reagents Ethyl acetate 4

Methanol 6
Ammonia solution 6

Instrument 1

Occupational hazard 0

Waste 3

Total penalty points 20

Analytical Eco-Scale score 80
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