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Abstract

Co-administration of COVID-19 RNA polymerase inhibitors, remdesivir and favipiravir, has synergistic benefits.
Together they reduce viral load and inflammation more effectively than either drug used alone. Corticosteroids

like dexamethasone are used alongside antivirals in multidrug combination regimens. A new HPTLC method was uti-
lized to isolate and quantitatively determine the three medicines of the COVID-19 therapeutic protocol, remdesivir,
favipiravir and dexamethasone, using the anticoagulant apixaban as an internal standard in human plasma. The
mobile phase system used a solvent mixture of ethyl acetate, hexane, and acetic acid (9:1:0.3, by volume). At 254 nm,
well-resolved spots with Rf values of 0.3 for remdesivir, 0.64 for dexamethasone, and 0.77 for favipiravir have been
observed. To ensure compliance with FDA regulations, a validation study was conducted. Quantitation limits as low
as 0.1 pg/band have been achieved with remdesivir and dexamethasone, and 0.2 pug/band with favipiravir, demon-
strating excellent sensitivities. From 97.07% to 102.77%, the drugs were recovered from human plasma that had been
artificially spiked. The whiteness of the method has been assessed using RGB 12 algorithm and a percentage of white-
ness of 95.6% has been obtained.
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Introduction

More than 5.6 million people have died worldwide from
2019 coronavirus disease (COVID-19) [1], affected by
severe acute respiratory syndrome coronavirus 2 (SARS-
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(REM) and Favipiravir (FVP), is a feasible and effective
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strategy [5—7]. Effective suppression of SARS-CoV-2 rep-
lication can be achieved by using REM and FVP together
[8].

Drugs like Dexamethasone (DEX) and anticoagulants
were added to coronavirus protocols around the world
because of their proven ability to alleviate the debilitating
symptoms brought on by COVID-19 [9].

REM is (2S) -2-[[[(2R,3S,4R,5R) ()-5-(4-aminopyrrolo
[2,1-f] [1, 2, 4] triazin-7-yl) 5-cyano-3,4-dihydroxyox-
olan-2-yl] methoxy-phenoxyphosphoryl] amino] Pro-
panoate, Fig. 1, a compound first synthesized by Gilead
Sciences for the treatment of Ebola virus infections [10].
Preliminary results suggested that REM aided recovery
in hospitalized individuals with severe COVID-19. As
the first medication of its kind, it received emergency
approval from the US Food and Drug Administration
(FDA) to treat hospitalized patients with COVID-19.
Replication of coronaviruses can be stopped with antivi-
ral drugs by blocking the enzyme RNA polymerase [11,
12].

Figure 1 shows 6-fluoro-3-hydroxy-2-pyrazine carbox-
amide (FVP), which was developed by Toyama Chemi-
cal Company in Japan as an influenza antiviral drug [13,
14]. Like REM, it blocks RNA polymerase enzymes and
prevents viral replication. DEX, Fig. 1, is a glucocorticoid
described for COVID-19 patients to reduce mortality
[15, 16], and it has already been approved by the FDA for
several uses.

To the best of our knowledge, REM was determined
in human plasma by HPLC-MS/MS methods for
therapeutic drug monitoring [17, 18], and in the pres-
ence of its major metabolite [19-21]. HPLC-DAD,

Remdesivir

Dexamethasone
Fig. 1 Chemical structure of Remdesivir (REM), Favipiravir (FVP), Dexamethasone (DEX) and Apixaban (PX)
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spectrophotometric and spectrofluorimetric methods
were used for its determination in dosage forms [22-25].
An electrochemical method was published for its deter-
mination in pure form [26]. FVP was determined in
human plasma using HPLC-MS/MS methods [27-30]
and an electrochemical one [31]. In pharmaceutical for-
mulations, it was determined by HPLC-DAD ([32-34],
electrochemical [35] and spectrophotometric [34] meth-
ods. In the presence of its degradation products, it was
determined by several methods including spectropho-
tometricc, HPLC-DAD and HPLC-MS/MS [36-40].
DEX was determined in human plasma by HPLC-MS/
MS [41, 42] and HPLC-DAD [43] methods. while it was
determined in dosage forms by HPLC-DAD [44, 45] and
spectrophotometric [46] ones. The previous methods
have all been proposed for determining REM, FVP, and
DEX independently. Few methods were described for the
determination REM and FVP in human plasma without
DEX including spectrophotometric [47], spectrofluori-
metric [48, 49], TLC-Densitometric [50] and UPLC-MS/
MS [51]. One UPLC-DAD method was introduced for
the determination of REM, FVP, and DEX [52].

Since many COVID-19 protocols call for concomitant
administration of REM, DEX, and FVP [8, 9], we've cre-
ated a sensitive and accurate HPTLC method for their
simultaneous determination in human plasma to aid
in adjusting therapeutic doses or applying it to phar-
macokinetic studies. To compare our new method
and the other published ones, white analytical chem-
istry criteria have been used. It was found that our new
method is the best one on the practical side due to its
low cost, time efficiency, low sample consumption and
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low practical requirements. Storing the medicines at -8
and -20 degrees Celsius, as shown by the freeze—thaw
cycle, proved their stability. Advantages of the developed
method include its sensitivity, durability, and selectivity
which recommends its application to determine the three
drugs in human plasma.

Experimental

Apparatus

Specifications of the apparatus and the equipment used
for HPTLC chromatographic separation are listed in
Table S1.

Samples

Gifts of REM, DEX, and FVP with respective purities of
99.95%, 99.98%, and 99.87% were generously provided by
Rameda Company (Cairo, Egypt).

Apixaban (PX), used as an internal standard, was kindly
supplied by EVA Pharma (Giza, Egypt), and its purity was
certified to be 98.28%. The National Egyptian Blood Bank
generously donated blank plasma samples, which were
stored at — 20 °C until needed. The samples were for six
healthy volunteers 3 males and 3 females who received
no medicine and their ages ranged from 18 to 45 years.

Reagents and materials
The ethyl acetate and hexane used were of high purity
grade (99.8% purity) and came from Riedel-dehaen,
Sigma-Aldrich in Germany.

Acetic acid from EL NASR Pharmaceutical Chemicals
Co., Abu-zabaal was of analytical grade (98% purity) from
Cairo, Egypt.

Standard solutions

Following an accurate weighting of 25 mg of REM, DEX,
FVP, and PX, the powder was solubilized in 10 mL of
methanol in each of the four 25 mL volumetric flasks.
The volumes were filled with methanol to provide 1 mg/
mL stock solutions for each component. 10 mL of the
REM, DEX, FVP, and PX stock solutions were each
placed into four 100 mL volumetric flasks to carry out
further dilutions. The same solvent was then used to fill
the volumes to the brim to create working solutions for
every component.

Chromatographic conditions

10 pL of each solution were spotted as 6 mm wide bands
on TLC plates. Each band was 5 mm distant and spaced
out 10 mm from the plate’s bottom. The chromatographic
tank was saturated for 30 min before the development
was carried out to a depth of 9 cm with a solution of ethyl
acetate, hexane, and acetic acid (9:1: 0.3, by volume).
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PX was applied as an internal standard. UV scanning at
254 nm was used to analyze the resulting bands.

Analytical curves

Different REM, DEX, and FVP volumes were withdrawn
from their respective 1 mg/mL stock solutions and
placed in 10 mL volumetric flasks. Each flask was given
an equal volume of PX, 1 mL of thawed plasma, and com-
pleted with methanol to make 0.1-10 pg/band of REM,
0.1-10 pg/band of DEX, 0.2-15 pg/band of FVP, and
5 pg/band of PX.

The solutions were prepared by stirring them in a vor-
tex, centrifuging them at 4500 rpm for 10 min, and then
filtering the supernatant through a syringe filter (0.45 um
Millipore).

Results and discussion

This work created an HPTLC method for determining
REM, DEX, and FVP that has been validated for its sensi-
tivity, selectivity, speed, low cost, and low environmental
impact. The developed HPTLC method offers the ben-
efits of separating multiple analytes at once, using little
solvent, and requiring little in the way of sample prepara-
tion. Resolution, Rf, peak sharpness and symmetry were
optimized by changing the chromatographic parameters.
The clinical dose of REM is 200 mg on day 1, followed by
100 mg for 12 days, resulting in a Cmax of 0.13-0.24 pg/
mlL, according to the age, within 0.68 h [53]. At the same
time, the Cmax of DEX is 0.1 pg/mL within 2 h after a
clinical dose of 6 mg daily [54]. The clinical dose of FVP is
1600 mg twice daily, reduced to 600 mg from the second
day, the corresponding Cmax is 21.26 pg/mL within 0.5 h
[55]. The proposed methods can quantitatively determine
as low as 0.1, 0.1 and 0.2 pg/band of REM, DEX and FVP,
respectively confirming its ability to estimate the serum
concentrations of REM, DEX, and FVP in human plasma.
Therefore, it can be used to monitor their therapeutic
doses in COVID-19 patients.

Method development and optimization

Multiple chromatographic parameters, including devel-
oping system composition, pH and detection wavelength
were optimized to attain the most effective separation of
REM, DEX, FVP, and PX.

Developing system selection

Various mixtures of green solvents like methanol, etha-
nol, and ethyl acetate were tested, beginning with etha-
nol: ethyl acetate (9:1, 7:3, and 6:4, v/v) and ethylacetate:
ethanol (9:1, 7:3, and 6:4, v/v). When there was an incom-
plete separation between the three drugs and plasma.
Also, FVP appeared near the front line. The addition of
formic acid improves the separation of PX and DEX only.
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The addition of chloroform with ethyl acetate and formic
acid to decrease the polarity of our developing system
in the ratio (6:4:0.3, 7:3:0.3 and 5:5:0.3, by volume) gave
good separation but FVP still on the front line. Replac-
ing chloroform with hexane improved the separation to
some extent.

pH optimization
pH plays a role in the proposed drugs’ separation due to
the presence of acidic and basic groups.

Formic acid, acetic acid, triethyl amine and ammonia
solution (33%) were tested at volumes of 0.1, 0.2, 0.3, and
0.5 mL. The basic pH range was from 9.5 to 11.7 while
the acidic range was 2.5 to 5. It was found that a pH of
4.5 provided the best separation. When comparing acetic
acid and formic acid, acetic acid was found to be superior
due to its ability to produce sharp and symmetric peaks.

Optimization of detection wavelengths

After trying scanning at 220, 240, 254, and 300 nm,
we found that scanning at 254 nm provided the best
and most sensitive results for all medications.

Finally, a mixture of ethyl acetate, hexane, and ace-
tic acid (9:1:0.3, by volume) and scanning at 254 nm
were found to be the optimal development conditions
for REM, DEX, and FVP simultaneous measurement in
plasma utilizing PX as an internal standard. 2D and 3D
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chromatograms of plasma spiked with the four drugs are
displayed in Figs. 2 and 3, respectively. Plasma, PX, REM,
DEX, and FVP were all found to have Rf values of 0.05,
0.1, 0.3, 0.64, and 0.77, respectively.

Method validation

The recommendations of FDA Bioanalytical Method Val-
idation Guidance for Industry were followed in the vali-
dation of the aforementioned procedure [56].

Range of linearity

Table 1 shows the calibrated plots for HPTLC peak

area ratio calculations with 8 concentrations ranging

from 0.1-10, 0.1-10, to 0.2-15 ug/band for the studied

drugs The following regression equations were found:
For REM,

Al =3.8000x + 0.6153r = 0.9999
For DEX,

A2 =3.2101x —1.3009r = 0.9998
For FVD,

A3 = 09371 x + 0.5403r = 0.9999

At 254 nm, the peak area is denoted by A, concen-
tration is denoted by x in pg/band, and r is the correla-
tion coefficient. This confirms the developed method’s

DEX FVP

A A A

0.60 0.80 100  Rf

Fig. 2 HPTLC chromatogram of human plasma spiked with PX (1.S), REM, DEX, and FVP using a developing system of ethyl acetate: hexane: acetic

acid (9: 1.5: 0.3, by volume)
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100

0.00 0.20 A X 0.80 .0 Rf
Fig. 3 Chromatogram of blank human plasma

Table 1 Analytical parameters for determination of REM, DEX and FVP by the proposed HPTLC method in spiked human plasma

Parameters Spiked human plasma samples
REM DEX FVP
Calibration range 0.1-5 0.1-5 0.2-15
(ng/band) ug/band ug/band ug/band
Slope** 3.8000 32101 09371
Intercept 0.6153 1.3009 0.5403
Analytical curves 25 20 20
y=3.8x+06153 y=3.2101x+1.3009 @ y =0.9371x + 0.5403
20 R? =0.9999 - 15 R2=09999 15 R2=1 .
15 " i, '
10 o
5 5 ' 5 ’_..-
0 0 0 :
0 2 4 6 0 2 4 6 0 5 10 15 20
Correlation coefficient 0.9999 0.9999 1
Accuracy (RSD %)* 96.32+5.80 96.95+5.01 99.01+1.95
LLOQ (ng/band) 0.1 0.1 0.2
ULOQ (ug/band) 5 5 15

" Average of three determinations

" The linearity was achieved using the regression equation: A=aX?+bX+C

a: coefficient 1. b: coefficient 2

A=peak area ratio (peak area of the analyte/peak area of IS) for spiked human plasma sample, X=concentration pg/ band. C=intercept

linearity and its suitability for the estimation of the 3 Additionally, for every drug, the lowest concentration
drugs at their C , values. Table 1 displays the regression ~ was identified with a 20% precision (shown as % RSD) as
and analytical parameters. listed in Table 1.
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Table 2 Intra and inter-day precision and accuracy of LLOQ, LQC, MQC and HQC of spiked plasma sample

Precision
Drug Concentration® Intra-day Inter-day
(ng/ band)?
Recovery % RSD % Recovery % RSD %
REM LLQC 0.1 99.13 1.21 95.56 0.89
LQC 04 97.34 149 94.81 245
MQC 1 100.16 1.71 96.92 2.88
HQC 4 99.73 0.53 96.82 1.33
DEX LLQC 0.1 101.07 2.16 10043 2.74
LQC 0.4 99.24 2.05 96.75 3.71
MQC 1 99.22 2.73 97.84 2.87
HQC 4 100.11 0.64 97.48 0.88
FvP LLQC 0.2 98.08 0.99 98.08 0.99
LQC 0.8 97.65 0.97 96.55 097
MQC 3 97.18 1.97 9853 0.30
HQC 10 100.08 0.84 10231 217

2 Average of 3 experiments

Table 3 Parameters of system suitability of the developed HPTLC for the determination of the proposed drugs and comparison with
the reported methods

Parameters Proposed method Reported UPLC method [52] Reported HPTLC Reference
method [50] (Srivastava,
2011) [57]
PX REM DEX FVP PX REM DEX FVP FVP REM

Capacity factor (K') 1.50 447 5.64 6.67 1.67 2.69 2.07 1.10 2.04 5.56 1-10

Symmetry factor 1.00 1.16 1.16 092 1.00 1.60 112 1.20 092 0.81 ~1

Resolution (Rs) 491 491 6.86 2.50 1.73 - 2.50 2.74 6.38 - Rs>1.5

Selectivity (a) 298 2.98 127 118 1.24 - 1.30 152 10.73 - a>1

Accuracy and precision

Table 4 Extraction recovery results of the studied drugs in

Three replicates of each of the following concentrations :
spiked human plasma by the proposed HPTLC method

were analyzed to determine the intra- and inter-daily pre-
cisions: (0.1, 0.4, 1, 4 pg/band) for REM and DEX; (0.2, Analyte Concentration (pg /band)  Recovery %+SD *
0.8, 3, 10 pg/band) for FVP. Table 2 demonstrates that

respectable levels of accuracy were achieved (15% RSD). HEM 8'21 22';;
1 90.03
Selectivity 4 88.04
Eight plasma samples underwent analysis using the Mean+SD 89.14+1.01
developed method to identify plasma constituents that  DEx 0.1 87.40
interfered with REM, DEX, FVP, and PX at their respec- 04 87.55
tive retention times. The plasma matrix does not affect 1 90.10
REM, DEX, FVP, or PX as shown in Figs. 2 and 3. 4 88.90
Mean+SD 88.49+1.27
System suitability parameters FvP 02 ga88
System suitability parameters [57]including capacity fac- 08 8802
tor, selectivity, symmetry factors, and resolution were cal- 3 8792
culated and compared to the reported chromatographic 10 90.56
Mean=+SD 87.84+232

" Average of three determinations
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Table 5 Stability results of the studied drugs in spiked human
plasma at different conditions using the proposed HPTLC
method

The analyte  Recovery %°
Concentration  Bench top stability  Three freeze
(ng/band) thaw cycles®
REM 04 97.31 95.76
1 100.18 99.24
4 98.39 97.72
Mean +RSD 98.63+1.57 97.57+1.78
DEX 04 98.24 97.94
1 98.60 98.49
4 99.79 99.06
Mean +RSD 98.88+1.07 98.49+0.57
FVP 0.8 99.51 97.77
3 98.91 97.13
10 100.08 98.62
Mean +RSD 99.19+1.14 97.84+0

2 Average of 3 determinations
b Freezing was done at — 20 °C

methods [50, 52]. Table 3 summarizes the results, which
were satisfactory.

Extraction recovery

The recovery rates of REM, DEX, FVP, and PX from
plasma were computed using the following formula,
extraction recovery=(mean peak areas of the drugs in
spiked plasma samples/mean peak areas of pure drugs
in methanol). Four distinct concentrations were used to
evaluate the extraction recovery (0.1, 0.4, 1, and 4 pg/
band) for REM and DEX, and (0.2, 0.8, 3, and 10 pg/
band) for FVP, Table 4.

Drug stability in biological fluid

The benchtop stability and freeze—thaw stability of
REM, DEX, and FVP drugs in the plasma matrix were
evaluated.

Bench top stability At the beginning of the day, three
concentrations of the frozen spiked plasma samples (low,
medium, and high) were allowed to come to room tem-
perature. Finally, the samples’ stability was assessed. The
produced samples were stable during the analysis, as
shown in Table 5.

Freeze—thaw stability Using the same three concentra-
tions, spiked plasma samples were frozen overnight and
then allowed to thaw at room temperature. The freeze—
thaw cycle was repeated three times before substantial
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alterations were detected. Table 5 reveals that sample con-
centrations did not vary significantly after three cycles.

Greenness assessment

Green analysis is characterized by the lack of or restricted
use of risky chemicals, waste reduction, and energy con-
sumption reduction[58]. The methods’ greenness pro-
files were evaluated using the National Environmental
Method Index (NEMI) [59] and the eco-scale score
[60]. NEMI focuses on four main criteria related to the
solvents including the usage of persistent, bio-accumu-
lative, and toxic (PBT) chemicals, corrosive reagents
which assess whether corrosive substances are involved,
hazardous waste which evaluates the potential for gen-
erating regulated hazardous waste and safety indica-
tors which consider health and safety information. If the
method meets NEMI green criteria, it is represented with
a green circle. The developing system was a mixture of
ethyl acetate-hexane-acetic acid (9: 1: 0.3, by volume) of
a pH of 4.5 which wasn’t considered corrosive. Hexane is
used in a minor proportion. The method produced trash
amounting to 50 g including TLC plates, solvents, pipette
tips, and filter papers. The graph produced after apply-
ing the NEMI tool is placed in Table 6. Moreover, an
analytical eco-scale was implemented by assigning pen-
alty points to method parameters. High Penalty Points
are given for using hazardous reagents, large amounts
of waste, and high energy consumption. In contrast, low
Penalty Points are given for safer, more sustainable prac-
tices, then the penalty points are subtracted from 100. As
shown in Table 6, the methods’ score of over 75 indicates
excellent greenness. These results demonstrate that the
proposed method is safe and environmentally friendly.

Table 6 Greenness assessment of the developed HPTLC method
by NEMI and Analytical Eco-scale tools

Proposed HPTLC method Analytical NEMI
Eco-scale
Reagent
Ethly acetate 0 - B o
Hexane 4
Acetic acid 1
Instrument TLC 1
LC-UV< 1.5 kWh per sam-
ple Corrosive Waste
Occupational hazards 3
Waste (1-10 mL) 3
Total penalty points 12
Analytical eco scale 88
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Comparison with the six reported methods

regarding applicability

The new HPTLC method has been compared with the
six reported ones [47-52] regarding the analyzed drugs,
LOQ, the time required for analysis, internal standard
and detection wavelength, Table 7. Our method has the
advantage of separating 20 samples simultaneously in a
single run, saving time compared to other methods. Also,
it separates DEX along with REM and FVP. Although it
isn’t the most sensitive one, it can determine the pro-
posed drugs at their Cmax which is the main goal of
this work. Also, a comparison regarding ANOVA and
t-test was held between the methods regarding accuracy,
Table S2. It can be concluded that no significant differ-
ence was found between them.

Comparison with the six reported methods using white
analytical chemistry criteria

White analytical chemistry (WAC) [61] evaluates not
only greenness but also the performance and practi-
cal applicability of a method. Moreover, it can compare
up to 10 methods in the three aforementioned princi-
ples. WAC evaluates 12 parameters distributed equally
between the three principles. RGB 12 model is used for
the evaluation and comparison where R is for red princi-
ples evaluating method performance, G is for greenness

51

Proposed 52
method
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principles and B is for practical side principles. Each of
the evaluated principles is scored according to achieving
the intended purpose. The combination of the scores of
the three colors produces the whiteness of the method.
The method performance depends on four parameters,
the scope of application, LOD and LOQ values, accuracy
and precision. Table 7 shows a comparison between the
four parameters. The best scores were given to the most
sensitive methods which are spectrofluorimetric ones
[48, 49] followed by UPLC- Mass method [51] which has
a very low LOQ value for REM concentrations. However,
the LOQ values of our new method aren’t much greater
than them. Concerning the second color, which is related
to greenness, the number of pictograms, the amount of
waste and energy consumption are compared as listed
in Table 7. HPTLC, spectrophotometric and spectro-
fluorimetric methods are cost-effective if compared
with UPLC-UV and UPLC-MS methods. Also, HPTLC
methods are time effective as 20 samples can be deter-
mined simultaneously in a single run. This resulted in a
high blue score for our method. Finally, the best white-
ness score was for our proposed method and the spec-
trofluorimetric ones, but our method outperforms them
in that it can analyze DEX simultaneously with REM and
FVP which isn’t available in the spectrofluorimetric ones.
Figure 4 represents the whiteness graph using the RGB
model.

a7 49 48 50

METHODS

Fig. 4 RGB 12 model for comparison between the proposed and reported methods
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Conclusion

To mitigate the spread of the coronavirus disease We
developed a green, simple, and efficient HPTLC method
as a first step toward applying it to in vivo studies, includ-
ing pharmacokinetics and therapeutic drug monitoring,
on the COVID-19 medications REM, DEX, FVP, and PX.
The created method’s eco-friendliness was also measured
using the Eco-scale and NEMI tools while the whiteness
of the method compared to other reported ones was
evaluated by RGB 12 model. Results demonstrate that
the proposed method is valid for application on human
plasma according to FDA guidelines including linearity
range, accuracy, precision, and stability, and is consider-
ably safe for the environment, green, cheap cost, and time
effective.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513065-024-01366-1.

[ Additional file 1. }

Acknowledgements
The authors would like to thank Rameda and EVA pharma companies for sup-
plying us with pure drugs.

Author contributions

E.H. wrote the original manuscript and made the analysis, RA. and A.E. revised
and edited the manuscript and supervised the method, E.A. and RH. were
responsible for reviewing, conceptualization and supervision.

Funding

Open access funding provided by The Science, Technology & Innovation
Funding Authority (STDF) in cooperation with The Egyptian Knowledge
Bank (EKB). Open access funding provided by The Science, Technology &
Innovation. Funding Authority (STDF) in cooperation with The Egyptian
Knowledge Bank (EKB).

Data availability
The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

The Research Ethics Committee of Faculty of Pharmacy, Beni-Suef Univer-
sity gave ethical approval for this study. The approval number is (Serial No.:
REC-H-PhBSU-24010).

Each study participant gave their informed consent to participate.

Consent for publication
Not applicable.

Competing interests

The authors declare no competing interests.

Received: 11 May 2024 Accepted: 10 December 2024
Published online: 07 January 2025

Page 10 of 12

References

1. Chen JM. Novel statistics predict the COVID-19 pandemic could termi-
nate in 2022. J Med Virol. 2022,94:2845-8.

2. Wouters OJ, Shadlen KC, Salcher-Konrad M, Pollard AJ, Larson HJ, Teer-
awattananon'Y, et al. Challenges in ensuring global access to COVID-19
vaccines: production, affordability, allocation, and deployment. Lancet.
2021;397:1023-34.

3. Wang R, Wang Z, Yuan H, Li C, Zhu N. Mechanistic exploration of COVID-
19 antiviral drug ritonavir on anaerobic digestion through experimen-
tal validation coupled with metagenomics analysis. J Hazard Mater.
2024;479:135603.

4. HuSs, Jiang S, Qi X, Bai R, Ye XY, Xie T. Races of small molecule clinical trials
for the treatment of COVID-19: an up-to-date comprehensive review.
Drug Dev Res. 2021;83:16.

5. Sreekanth Reddy O, Lai WF. Tackling COVID-19 using remdesivir and
favipiravir as therapeutic options. ChemBioChem. 2021;22:939-48.

6. Eroglu E, Toprak C. Overview of favipiravir and remdesivir treatment for
COVID-19. Int J Pharm Sci Res. 2021;12:1950-7.

7. Humeniuk R, Mathias A, Cao H, Osinusi A, Shen G, Chng E, et al. Safety,
tolerability, and pharmacokinetics of remdesivir, an antiviral for treatment
of COVID-19, in healthy subjects. Clin Transl Sci. 2020;13:896.

8. Chiba S, Kiso M, Nakajima N, lida S, Maemura T, Kuroda M, et al. Co-
administration of favipiravir and the remdesivir metabolite GS-441524
effectively reduces SARS-CoV-2 replication in the lungs of the Syrian
hamster model. DmBio. 2022;13:03044-e3121.

9. Gressens SB, EsnaultV, De Castro N, Sellier P, Sene D, Chantelot L, et al.
Remdesivir in combination with dexamethasone for patients hospitalized
with COVID-19: a retrospective multicenter study. PLoS ONE. 2022;17:
€0262564.

10. Joshi'S, Parkar J, Ansari A, Vora A, Talwar D, Tiwaskar M, et al. Role of favip-
iravir in the treatment of COVID-19. Int J Infect Dis. 2021;102:501-8.

11. Gordon CJ, Tchesnokov EP, Woolner E, Perry JK, Feng JY, Porter DP, et al.
Remdesivir is a direct-acting antiviral that inhibits RNA-dependent RNA
polymerase from severe acute respiratory syndrome coronavirus 2 with
high potency. J Biol Chem. 2020;295:6785-97.

12. Du YX, Chen XP. Favipiravir: pharmacokinetics and concerns about clin-
ical trials for 2019-nCoV infection. Clin Pharmacol Ther. 2020;108:242-7.

13. Eastman RT, Roth JS, Brimacombe KR, Simeonov A, Shen M, Patnaik S,
et al. Remdesivir: a review of its discovery and development leading to
emergency use authorization for treatment of COVID-19. ACS Cent Sci.
2020,6:672.

14. Furuta Y, Takahashi K, Kuno-Maekawa M, Sangawa H, Uehara S, Kozaki
K, et al. Mechanism of action of T-705 against influenza virus. Antimi-
crob Agents Chemother. 2005;49:981-6.

15. Tong SYC, Petersiel N. Tofacitinib reduced death or respiratory failure
at 28 d in patients hospitalized with COVID-19 pneumonia. Ann Intern
Med. 2021;174:JC111.

16. Sharun K, Tiwari R, Dhama J, Dhama K. Dexamethasone to combat
cytokine storm in COVID-19: clinical trials and preliminary evidence. Int
J'Surg. 2020;82:179.

17. Nguyen R, Goodell JC, Shankarappa PS, Zimmerman S, Yin T, Peer CJ,
et al. Development and validation of a simple, selective, and sensitive
LC-MS/MS assay for the quantification of remdesivir in human plasma.
J Chromatogr B Analyt Technol Biomed Life Sci. 2021;1171:122641.

18. Pasupuleti RR, Tsai PC, Ponnusamy VK, Pugazhendhi A. Rapid deter-
mination of remdesivir (SARS-CoV-2 drug) in human plasma for
therapeutic drug monitoring in COVID-19-patients. Process Biochem.
2021;102:150.

19. AvataneoV, De Nicolo A, Cusato J, Antonucci M, Manca A, Palermiti
A, et al. Development and validation of a UHPLC-MS/MS method for
quantification of the prodrug remdesivir and its metabolite GS-441524:
a tool for clinical pharmacokinetics of SARS-CoV-2/COVID-19 and Ebola
virus disease. J Antimicrob Chemother. 2020;75:1772-7.

20. Alvarez JC, Moine P, Etting I, Annane D, Larabi IA. Quantification of
plasma remdesivir and its metabolite GS-441524 using liquid chro-
matography coupled to tandem mass spectrometry. Application to a
COVID-19 treated patient. Clin Chem Lab Med. 2020,58:1461-8.

21. Xiao D, John Ling KH, Tarnowski T, Humeniuk R, German P, Mathias A,
et al. Validation of LC-MS/MS methods for determination of remdesivir
and its metabolites GS-441524 and GS-704277 in acidified human


https://doi.org/10.1186/s13065-024-01366-1
https://doi.org/10.1186/s13065-024-01366-1

Abdelfatah et al. BMC Chemistry

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33

34

35.

36.

37.

38.

39.

(2025) 19:7

plasma and their application in COVID-19 related clinical studies. Anal
Biochem. 2021;617:114118.

Raasi KM, Spandana U, Rahaman SA. Analytical Method Development
and Validation of Remdesivir in Bulk and Pharmaceutical Dosage Forms
Using Reverse-Phase-High Performance Liquid Chromatography. B R
Nahata Smriti Sansthan Int J Pharm Sci Clin Res. 2021;1:282-329.

Jitta SR, Salwa, Kumar L, Gangurde PK, Verma R. Development and
validation of high-performance liquid chromatography method for the
quantification of remdesivir in intravenous dosage form. Assay Drug
Dev Technol. 2021;19:475-83.

Elmansi H, lbrahim AE, Mikhail IE, Belal F. Green and sensitive spectro-
fluorimetric determination of Remdesivir, an FDA approved SARS-
CoV-2 candidate antiviral; application in pharmaceutical dosage forms
and spiked human plasma. Anal Methods. 2021;13:2596-602.
Abdelazim AH, Ramzy S. Spectrophotometric quantitative analysis of
remdesivir using acid dye reagent selected by computational calcula-
tions. Spectrochim Acta A Mol Biomol Spectrosc. 2022;276: 121188.
Tkach VV, Kushnir MV, de Oliveira SC, Ivanushko YG, Velyka AV, Molodi-
anu AF, et al. Theoretical description for anti-COVID-19 drug remdesivir
electrochemical determination, assisted by squaraine dye-Ag202
composite. Biointerface Res Appl Chem. 2021;11:9201-8.

Morsy MI, Nouman EG, Abdallah YM, Zainelabdeen MA, Darwish MM,
Hassan AY, et al. A novel LC-MS/MS method for determination of the
potential antiviral candidate favipiravir for the emergency treatment
of SARS-CoV-2 virus in human plasma: application to a bioequivalence
study in Egyptian human volunteers. J Pharm Biomed Anal. 2021;199:
114057.

Rezk MR, Badr KA, Abdel-Naby NS, Ayyad MM. A novel, rapid and
simple UPLC-MS/MS method for quantification of favipiravir in human
plasma: application to a bioequivalence study. Biomed Chromatogr.
2021;35:e5098.

Eryavuz Onmaz D, Abusoglu S, Onmaz M, Yerlikaya FH, Unlu A.
Development and validation of a sensitive, fast and simple LC-MS/MS
method for the quantitation of favipiravir in human serum. J Chroma-
togr B Analyt Technol Biomed Life Sci. 2021;1176:122768.

Challenger E, Penchala SD, Hale C, Fitzgerald R, Walker L, Reynolds H, et al.
Development and validation of an LC-MS/MS method for quantification
of favipiravir in human plasma. J Pharm Biomed Anal. 2023;233: 115436.
Mohamed MA, Eldin GMG, Ismail SM, Zine N, Elaissari A, Jaffrezic-Renault
N, et al. Innovative electrochemical sensor for the precise determination
of the new antiviral COVID-19 treatment favipiravir in the presence of
coadministered drugs. J Electroanal Chem (Lausanne). 2021,895:115422.
Sabriye AM, Metin B. Favipiravir determination in pharmaceutical for-
mulation via HPLC chromatographic approach. Iran J Chem Chem Eng.
2023;42:1183-91.

Itigimatha N, Chadchan KS, Yallur BC, Hadagali MD. New Analytical meth-
ods for the determination of new anti-viral drug favipiravir: a potential
therapeutic drug against COVID-19 virus, in bulk and dosage forms.
Pharm Chem J. 2023;56:1419-25.

Bulduk I. Comparison of HPLC and UV spectrophotometric methods for
quantification of favipiravir in pharmaceutical formulations. Iran J Pharm
Res. 2021,20:57.

Allahverdiyeva S, Yunusoglu O, Yardim'Y, Sentdrk Z. First electrochemi-
cal evaluation of favipiravir used as an antiviral option in the treatment
of COVID-19: a study of its enhanced voltammetric determination in
cationic surfactant media using a boron-doped diamond electrode. Anal
Chim Acta. 2021;1159: 338418.

Sharaf YA, Abd El-Fattah MH, El-Sayed HM, Hegazy MA. Spectrophotomet-
ric determination of favipiravir in presence of its acid hydrolysis product.
BMC Chem. 2023;17:1-10.

Sharaf YA, Abd El-Fattah MH, El-Sayed HM, Hassan SA. A solvent-free
HPLC method for the simultaneous determination of favipiravir and its
hydrolytic degradation product. Sci Rep. 2023;13:1-10.

Marzouk HM, Rezk MR, Gouda AS, Abdel-Megied AM. A novel stability-
indicating HPLC-DAD method for determination of favipiravir, a potential
antiviral drug for COVID-19 treatment; application to degradation kinetic
studies and in-vitro dissolution profiling. Microchem J. 2021;172: 106917.
Qurt M, Eshtayyeh R, Naseef H, Rabba A, Abukhalil AD, Malkieh N, et al.
Quantitative analysis of favipiravir by HPLC: development and validation.
Int J Anal Chem. 2023;2023:8847958.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Page 11 of 12

Patel R, Dube A, Solanki R, Khunt D, Parikh S, Junnuthula V, et al. Structural
elucidation of alkali degradation impurities of favipiravir from the oral
suspension: UPLC-TQ-ESI-MS/MS and NMR. Molecules. 2022;27:5606.
LuanY,Wang R, Dong Y, Zhang L, Yu Z. Determination of dexamethasone
in human plasma by solid phase extraction with ultra performance
liquid chromatography-tandem mass spectrometer. Chin J Forensic Med.
2017,6:297-9.

Zhang M, Moore GA, Jensen BP, Begg EJ, Bird PA. Determination of
dexamethasone and dexamethasone sodium phosphate in human
plasma and cochlear perilymph by liquid chromatography/tandem mass
spectrometry. J Chromatogr B. 2011;879:17-24.

Song YK, Park JS, Kim JK, Kim CK. HPLC determination of dexamethasone
in human plasma. J Lig Chromatogr Relat Technol. 2004;27:2293-306.
Razzaq SN, Ashfag M, Khan IU, Mariam |, Razzaq SS, Azeem W. Simultane-
ous determination of dexamethasone and moxifloxacin in pharmaceuti-
cal formulations using stability indicating HPLC method. Arab J Chem.
2017;10:321-8.

Garcia CV, Breier AR, Steppe M, Schapoval EES, Oppe TP. Determination
of dexamethasone acetate in cream by HPLC. J Pharm Biomed Anal.
2003;31:597-600.

Dadoosh SA, Thani MZ, Abdullah AM, Fahad AS, Fahad YS. Development
of an ecological-friendly method for dexamethasone determination and
cloud point extraction in pharmaceutical formulations using schiff base
reaction. Egypt J Chem. 2021,64:5083-92.

Batubara AS, Abdelazim AH, Aimrasy AA, Gamal M, Ramzy S. Quantitative
analysis of two COVID-19 antiviral agents, favipiravir and remdesivir, in
spiked human plasma using spectrophotometric methods; greenness
evaluation. BMC Chem. 2023;17:58.

El-Awady M, Elmansi H, Belal F, Shabana R. Insights on the quantitative
concurrent fluorescence-based analysis of anti-COVID-19 drugs remdesi-
vir and favipiravir. J Fluoresc. 2022;32:1941-8.

Ramzy S, Abdelazim AH, Osman AO, Hasan MA. Spectrofluorimetric
quantitative analysis of favipiravir, remdesivir and hydroxychlorogquine

in spiked human plasma. Spectrochim Acta A Mol Biomol Spectrosc.
2022;281:121625.

Noureldeen DAM, Boushra JM, Lashien AS, Hakiem AFA, Attia TZ. Novel
environment friendly TLC-densitometric method for the determination
of anti-coronavirus drugs "Remdesivir and Favipiravir”: green assessment
with application to pharmaceutical formulations and human plasma.
Microchem J. 2022;174:107101.

Harahap Y, Noer RF, Simorangkir TPH. Development and validation of
method for analysis of favipiravir and remdesivir in volumetric absorptive
microsampling with ultra high-performance liquid chromatography-tan-
dem mass spectrophotometry. Front Med (Lausanne). 2023;10:1022605.
Emam AA, Abdelaleem EA, Abdelmomen EH, Abdelmoety RH, Abdel-
fatah RM. Rapid and ecofriendly UPLC quantification of remdesivir,
favipiravir and dexamethasone for accurate therapeutic drug monitoring
in COVID-19 Patient’s plasma. Microchem J. 2022;179:107580.

Deb S, Reeves AA. Simulation of remdesivir pharmacokinetics and its
drug interactions. J Pharm Pharm Sci. 2021,24:277-91.

Jobe AH, Milad MA, Peppard T, Jusko WJ. Pharmacokinetics and pharma-
codynamics of intramuscular and oral betamethasone and dexametha-
sone in reproductive age women in India. Clin Transl Sci. 2019;13:391.
Glhan R, Eryiiksel E, Gilcebi Idriz Oglu M, Culpan Y, Toplu A, Kocakaya

D, et al. Pharmacokinetic characterization of favipiravir in patients with
COVID-19. Br J Clin Pharmacol. 2022;88:3516-22.

FDA, Cder. Bioanalytical method validation guidance for industry
biopharmaceutics bioanalytical method validation guidance for industry
biopharmaceutics contains nonbinding recommendations. 2018.
Srivastava MM. An overview of HPTLC: a modern analytical technique
with excellent potential for automation, optimization, hyphenation, and
multidimensional applications. Berlin: Springer; 2011. p. 3.

Tobiszewski M, Mar¢ M, Gatuszka A, Namiesnik A. Green chemistry
metrics with special reference to green analytical chemistry. Molecules.
2015;20:10928-46.

Keith LH, Gron LU, Young JL. Green analytical methodologies. Chem Rev.
2007;107:2695-708.

Van Aken K, Strekowski L, Patiny L. EcoScale, a semi-quantitative tool

to select an organic preparation based on economical and ecological
parameters. Beilstein J Organic Chem. 2006;2:3.



Abdelfatah et al. BMC Chemistry (2025) 19:7

61. Nowak PM, Wietecha-Postuszny R, Pawliszyn J. White analytical chemistry:

an approach to reconcile the principles of green analytical chemistry and
functionality. TrAC Trends Anal Chem. 2021;138: 116223.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 12 of 12



	A newly developed high-performance thin layer chromatographic method for determination of remdesivir, favipiravir and dexamethasone, in spiked human plasma: comparison with the published methods
	Abstract 
	Introduction
	Experimental
	Apparatus
	Samples
	Reagents and materials
	Standard solutions
	Chromatographic conditions
	Analytical curves

	Results and discussion
	Method development and optimization
	Developing system selection
	pH optimization
	Optimization of detection wavelengths

	Method validation
	Range of linearity
	Accuracy and precision
	Selectivity
	System suitability parameters
	Extraction recovery
	Drug stability in biological fluid
	Bench top stability 
	Freeze–thaw stability 


	Greenness assessment
	Comparison with the six reported methods regarding applicability
	Comparison with the six reported methods using white analytical chemistry criteria

	Conclusion
	Acknowledgements
	References


