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A R T I C L E  I N F O   
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A B S T R A C T   

Remdesivir and apixaban have been included in the treatment guidelines of several countries for severe COVID- 
19 infections. To date, no analytical method has been developed for the determination of remdesivir and 
apixaban in plasma matrix. The main objective of this work was to develop a highly sensitive, green-adapted 
spectrofluorometric method for the determination of remdesivir and apixaban at the Nanoscale. Remdesivir 
and apixaban showed overlapping fluorescence emission spectra at 403 nm and 456 nm when excited at 246 nm 
and 285 nm, respectively. This overlap was resolved in two steps. The first step was synchronous fluorescence 
scanning of remdesivir and apixaban, and the second step was manipulation of the second-order derivative for 
the obtained spectra. These steps allowed complete resolution of the overlapping fluorescence spectra and se
lective determination of remdesivir and apixaban at 410 and 469 nm, respectively. The variables affecting the 
synchronous scanning of the aforementioned drugs were optimized in terms of sensitivity parameters and 
principles of green analytical chemistry. The described method allowed sensitive determination of remdesivir 
and apixaban over the concentration range of 5–200 ng/mL and 50–3000 ng/mL, respectively. The described 
method was validated and successfully applied for the simultaneous determination of the mentioned drugs in 
pure form and in spiked human plasma.   

1. Introduction 

The development of quantitative analytical methods with more 
sensitive detection limits and selective targeting for compounds of in
terest is a major goal for analytical chemists. In particular, the deter
mination of drugs down to the Nano- gram range represents a potential 
approach for determination of drugs in biological fluids [1–3]. In 
addition, analytical chemists have recently devoted themselves to 
making analytical methods more environmentally friendly and safer for 
humans by using solvents and chemicals with low environmental 
impact, low energy consumption, and lower waste generation [4–7]. 
Analytical methods based on fluorescence spectroscopy provide a more 
sensitive tool for determining compounds of interest that exhibit unique 
fluorescence features [8–10]. The high sensitivity of fluorescence spec
troscopy is the main advantage, as it allows the determination of com
pounds down to the Nano gram range. In addition, spectrofluorometry 
consumes less than 0.1 kWh of energy per sample and produces little 
waste, which draws attention to the principles of green chemistry [11]. 
The selectivity of spectrofluorometric methods for multi-components 
resolution decreases when the native fluorescence spectra of the com
pounds of interest exhibit strong overlap. Integration of the synchronous 
fluorescence scanning mode usually results in, narrow sharp spectra 
which solve the overlap problem. In addition, the mathematical deri
vation of the synchronous spectra can help in spectral resolution of 
multi-components in different mixtures. Previous reports have described 
the use of synchronous fluorescence spectroscopy scanning for the 
determination of drugs in mixtures in different matrices, including 

pharmaceutical form or plasma matrix [12–14]. 
Remdesivir (RDV), Fig. 1, is a commonly known antiviral agent that 

binds to viral RNA-dependent RNA polymerase. It impedes viral repli
cation by premature termination of RNA transcription. Many reports 
have described the role of RRV against SARS-CoV-2 in vitro, and intra
venous administration of RDV has been approved by the FDA and Eu
ropean emergency to be used for COVID-19 [15–17]. Several analytical 
methods have been developed for the determination of RDV, either 
alone or in combination with other drugs, in different matrices [18–24]. 

Apixaban [APX], Fig. 1, is an oral, potent, highly selective, reversible 
and direct inhibitor of activated coagulation factor X, which is the end 
point of the intrinsic and extrinsic coagulation pathways. In addition, 
APX has the ability to indirectly inhibit thrombin-induced platelet ag
gregation. Many reports have described the major role of direct oral 
anticoagulants such as APX in severe COVID-19 reducing the risk of 
venous and arterial thromboembolism and the incidence of severe 
thromboembolic complications [24–27]. Various analytical methods 
have been developed for the determination of APX, either alone or in 
combination with other drugs, in different matrices [24–31]. 

RDV is usually prescribed with APX for severe and hospitalized cases 
of COVID-19 aiming to reduce the risk of severe thromboembolic com
plications and death [32,33]. To date, no analytical methods have been 
developed that allow determination of the drugs under study in spiked 
human plasma. The main objective of this work was to develop a highly 
sensitive, green fitted analytical method for the determination of RDV 
and APX in plasma matrix. To achieve sensitivity and green chemistry 
points, a spectrofluorometric method was developed and optimized to 

Fig. 1. Structural formula of RDV and APX.  
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provide sensitive determination in the concentration range of 5–200 ng/ 
mL for RDV and 50–3000 ng/mL for APX. The described method was 
based on the measurement of the second derivative of the fluorescence 
spectra of RDV and APX. This tool allowed selective determination of the 
mentioned drugs. The developed method was successful used for the 
simultaneous determination of RDV and APX in pure form and spiked 
human plasma. 

2. Experimental 

2.1. Materials and reagents 

Pure samples of RDV and APX were provided by Pharmakeda Health 
Company (Egypt). A drug-free human plasma sample was provided by 
the National Egyptian Blood Bank and kept frozen until analysis. 
Remdesivir-EVA PHARMA® vial (100 mg RDV per 20 mL) and Eliquis® 
tablets (5 mg APX per tablet) were obtained from local pharmacy. All 
chemicals and solvents used throughout the analysis were of high pure 
analytical grade and provided by El Nasr Company (Egypt) and Sigma 
Aldrich (Germany). In accordance with US pharmacopoeia, several 
buffer solutions with varying pH ranges were prepared. 

2.2. Instrumentation 

A Jasco FP-6200 Spectrofluorometer was used for all spectral read
ings (Japan). Jasco Spectra Manager™ software was used to manipulate 
the measured spectra. 

2.3. Standard solutions 

A standard stock solution (100 µg/mL) of RDV and APX was prepared 
by separately transferring 10 mg of each drug powder with 60 mL 
ethanol into two 100-mL volumetric flasks, shaking till dissolved, and 
then completing the flasks to the mark with ethanol. Working solutions 
of the studied drugs with a concentration of 1 μg/mL were prepared 
from their stock solutions by further dilution with water. 

2.4. Procedures 

2.4.1. Development of calibration graphs for analytical procedure 
Two separate serial dilution sets of RDV and APX were prepared by 

transferring aliquots of (0.05–2 µg) and (0.5–30 µg) of RDV and APX, 
respectively, from their working standard solutions into two separate 
sets of 10-mL volumetric flasks. The flasks were adjusted to volume with 
water. A blank sample was prepared under the same conditions. The 
solution of each flask was scanned in synchronous mode at Δλ = 150 nm. 
The recorded synchronous spectra were then transformed to the corre
sponding second-order derivative with data points = 7. The peak am
plitudes of the second-derivative spectra were measured at 410 nm and 
469 nm for RDV and APX, respectively. The measured values were 
plotted against the respective drug concentrations in ng/mL to obtain 
the calibration curves, and the corresponding regression equations were 
derived. 

2.4.2. Analysis of synthetic mixtures 
Five samples were prepared containing synthetic mixtures with 

different concentration ratios of drugs under study. The procedure 
mentioned under the development of calibration graphs for analytical 
procedures was applied and the concentration of each drug in each 
sample was calculated. 

2.4.3. Analysis of pharmaceutical preparations 
The contents of three vials of Remdesivir-EVA PHARM® (100 mg 

RDV per 20 mL) were well mixed. An aliquot of 10 mg RDV was 
transferred to a 100-mL volumetric flask, mixed well and made up to 
volume with water. The appropriate amounts of the sample fraction 

were transferred to a series of 10-mL volumetric flasks, and the amounts 
of analytes that fell within the calibration range were determined by 
adding water. Samples were analyzed according to procedure described 
under the development of calibration graphs for analytical procedures. 

In contrast, ten Eliquis® tablets, each containing 5 mg APX, were 
weighed and finely crushed. The exact weight of powder corresponding 
to one tablet was added to a 100 mL volumetric flask containing 60 mL 
ethanol. The flask was shaken vigorously for 20 min before being filtered 
and made up to 100 mL with water. After further dilution with water, 
five samples with different concentrations were obtained and the pro
cess described under the development of calibration graphs for the 
analytical procedure was carried out. 

2.4.4. Procedures for spiked human plasma matrix 
Various spiked human plasma samples of RDV and APX were pre

pared by transferring aliquots of RDV and APX, corresponding to 
(0.034–2 µg) and (0.39–30 µg), respectively, from their respective 
working standard solutions (1 μg/mL) into two sets of centrifugation 
tubes containing 0.1 mL of human plasma. To these tubes, 5 mL of 
acetonitrile was added, followed by centrifugation at 5000 rpm for 20 
min. The resulting supernatants were evaporated to dryness in a rotary 
evaporator. The residues obtained were dissolved in a given volume of 
ethanol, transferred to 10-mL volumetric flasks, and diluted to volume 
with water. A blank sample was prepared under the same conditions. 
Calibration curves were created as described under the development of 
calibration graphs for analytical procedures. To adopt the plasma matrix 
calibration curves, 3.4 ng/mL and 39 ng/mL were set as the lower limit 
of quantitation (LLOQ) for RDV and APX, respectively. In addition, 200 
ng/mL and 3000 ng/mL were set as the upper limit of quantitation 
(ULQ). It was also recommended to set other quality control samples, 
including middle quantifiable concentration (MQC), the low quantifi
able concentration (LQC), and the high quantifiable concentration 
(HQC). Careful trials revealed that the MQC was 100 ng/mL for RDV and 
1500 ng/mL for APX, the LQC was 10 ng/mL for RDV and 100 ng/mL for 
APX, and the HQC was 150 ng/mL for RDV and 2300 ng/mL for APX. 
These samples were then determined three times to evaluate accuracy 
and precision. The matrix effect is efficiently evaluated by determining 
LOC and HQC samples six times with a plasma matrix. 

3. Results and discussion 

Although the common analytical methods are based on spectro
photometric [34–36] or spectrofluorometric scanning [12–14], analyt
ical chemists have recently devoted themselves to the task of making 
analytical methods more environmentally friendly and safer for humans. 
This has been done by using solvents and chemicals that have a low 
impact on the environment while reducing energy consumption and 
waste generation. In the current study, we tried to follow the principles 
of green analytical chemistry by using an environmentally friendly 
solvent and energy efficient equipment while reducing waste genera
tion. For this reason, we are conducting the study using a spectrofluo
rometer that consumes less than 0.1 kWh of energy per sample, produces 
little waste, and enables Nano-detection of compounds. 

3.1. Spectral characteristics 

RDV and APX exhibit unique native emission spectra at 403 nm and 
456 nm when excited at 246 nm and 285 nm, respectively (Fig. 2). It is 
extremely difficult to directly determine the studied drugs in synthetic 
mixtures or in the plasma matrix between their emission spectra overlap 
(Fig. 3). Derivatization of such spectra to higher orders also could not 
solve the problem of overlap. Normally, synchronous fluorescence 
spectrometry is a suitable method to resolve overlapping spectra in 
multicomponent analysis by narrowing spectral bands, increasing 
selectivity through spectral simplification, and shortening measurement 
time. The variables that affect the synchronous measurements of RDV 
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and APX must first be optimized to achieve higher spectral resolution 
while maintaining green analytical chemistry standards. These variables 
include the selection of diluent solvent, buffer solution, and the best Δλ 
for the measurement. For such optimization studies, fixed concentra
tions of RDV and APX were used, and each variable was independently 
changed while the others remained constant. The synchronous spectra of 
RDV and APX were evaluated with water, ethanol, methanol, acetoni
trile, 0.01 M HCl, and 0.01 M NaOH to investigate the effect of diluting 
solvents on the synchronous fluorescence intensities (Fig. 4a). Dilution 
with water, ethanol, and methanol resulted in the highest intensities for 
both RDV and APX. In accordance with the concepts of green analytical 
chemistry, water was chosen as a diluting solvent because it poses no 
environmental risks. 

In addition, the synchronous intensities of RDV and APX were 
compared with and without the addition of buffer solutions with 
different pH values (Fig. 4b). At a pH of 4 and without the addition of 
buffer, RDV was shown to produce a high intensity that increased only 
slightly when buffer was used. However, it has been shown that APX can 
produce high intensity even without buffer. Therefore, the method was 
performed without the use of buffer solutions, which is consistent with 
the concepts of green analytical chemistry to minimize the use of haz
ardous chemicals. In addition, the synchronic spectra of RDV and APX 
were studied and compared over a wide range of Δλ (20–200 nm) to find 
the optimal Δλ that provides the highest resolution of such a combina
tion. It was found that RDV and APX exhibited sharp, narrow synchro
nous peaks with acceptable sensitivity at Δλ = 150 nm, which roughly 
corresponds to the difference between the emission and excitation 
maxima of the studied drugs (Fig. 5). 

However, the problem of spectral overlap could not be completely 

solved. The use of a derivative technique in conjunction with a syn
chronous fluorescence approach allows complete resolution of the 
overlapping spectra. The overlapping spectra were not completely 
resolved by converting the synchronous spectra of the investigated drugs 
into first-order derivatives (Fig. 6). Complete resolution of the over
lapping spectra was achieved by converting the synchronous spectra of 
the studied drugs into second-order derivatives. RDV and APX could be 
determined from their second-order derivative synchronous spectra at 
410 and 469 nm, respectively, without interfering with each other 
(Fig. 7). 

3.2. Method validation 

3.2.1. Validation of the analytical procedures 
The method was validated in accordance with the ICH Q2 (R1) 

standards [37]. Linearity, range, limit of detection (LOD), limit of 
quantification (LOQ), accuracy, precision, and selectivity were exam
ined. The method used showed satisfactory linearity in the concentra
tion ranges of 5–200 ng/mL for RDV and 50–3000 ng/mL for APX. The 
data from the regression equations are shown in Table 1. The residual 
standard deviation (SD) of the regression line and the slope of the cali
bration curve were used to calculate LOD (3.3SD/slope) and LOQ 
(10SD/slope). The calculated LOD and LOQ values, listed in Table 1, 
describe the sensitivity of the method. Accuracy of the developed 
method, calculated as mean average percent error (%Er), was evaluated 
by determining three concentrations in triplicate covering the linearity 
range of each drug; (25, 100, 150 ng/mL) for RDV and (250, 1500, 2500 
ng/mL) for APX. The precision of the method, calculated as relative 
standard deviation (RSD), was evaluated by determining the same 
concentrations in triplicate on one day for repeatability and on three 
consecutive days for mean precision. The results shown in Table 1 
confirmed the accuracy and precision of the developed method. The 
described procedures showed successful applicability in terms of selec
tivity for the measurement of RDV and APX in their mixed laboratory 
solutions without mutual interference (Table 2) and in pharmaceutical 
dosage forms (Table 3), without interference from excipients, as 
confirmed by the results of the standard addition technique (Table 3). 
The obtained results were statistically compared with the reported 
methods [28] using Student’s t-test and F-test. The results showed no 
statistically significant difference between the methods (Table 3). 

3.2.2. Validation of bioanalytical procedures 
Validation of the developed methods was performed according to the 

guidelines ICH M10 [38], including linearity, lower limit of quantifi
cation (LLOQ), accuracy, precision, and matrix effect. Linearity was 
evaluated at seven calibration standard levels. The linearity ranges for 
RDV and APX were 3.4–200 ng/mL and 39–3000 ng/mL, respectively, 
with a coefficient of determination (r2) ≥ 0.9971 (Table 4). The LLOQ of 

Fig. 2. Excitation(A) and emission (B) spectra of 125 ng/mL RDV (a), and 2000 ng/mL APX (b), in water.  

Fig. 3. Emission spectra of RDV (125 ng/mL) and APX (2000 ng/mL) in water 
after excitation at 260 nm. 
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RDV and APX were quantitated and calculated with acceptable precision 
and accuracy. As listed in Table 4, the LLOQ of RDV and APX were 3.4 
ng/mL and 39 ng/mL, respectively. The accuracy of the described 

methods was performed by calculating the mean average percent error 
(%Er) of RDV and APX for four quality control samples including LLOQ, 
MQC, LQC, and HQC. Concentrations were measured in triplicate using 

Fig. 4. Optimization of experimental conditions for RDV and APX including diluting solvent(a) and buffer type (b).  

Fig. 5. Synchronous fluorescence spectra of RDV (125 ng/ml) and APX (2000 
ng/ml) in water using Δλ = 150 nm. 

Fig. 6. First derivative synchronous fluorescence spectra of RDV (125 ng/ml) 
and APX (2000 ng/ml) in water using Δλ = 150 nm. 
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the calibration plot of the spiked plasma sample and the mean percent 
error (%Er) was calculated (Table 4). The precision of the methods 
described was examined by calculating the percent relative standard 
deviation for triplicate determinations of LLOQ, LQC, MQC, and HQC 
values for each drug within one day for repeatability and for three 
consecutive days for intermediate precision. The small values of %RSD 
showed high precision of the proposed models, as shown in Table 4. 

The matrix effect is defined as the change in the determined response 
of the compound due to interfering components in the sample matrix. It 
was efficiently evaluated by analyzing LOC and HQC samples six times 
with a plasma matrix. The percent recovery and %RSD were calculated. 
The determined percent recovery was above 95 % for all samples, 
indicating that no unidentified compounds interfered in the sample 
matrix. In addition, the %RSD was less than 2, confirming the absence of 
a plasma matrix effect on the drugs studied and subsequent applicability 
in bioanalysis (see Table 4). 

3.3. Greenness assessment 

The evaluation of the described spectrofluorometric method in the 
context of environmentally friendly analytical chemistry was based on 
two metrics for evaluating environmental friendliness, namely the 
analytical eco-scale and the analytical greenness metric (AGREE). The 
analytical eco-scale is a semi-quantitative metric based on the concept 
that the ideal green analysis has a value of 100. Penalty points (PPs) are 
assigned for each analytical procedure parameter (amount of reagents, 
hazards, energy, and waste) that deviates from the ideal green analysis. 
Penalty points for all procedure parameters are added and subtracted 
from the base 100. More than 75 points indicate excellent green anal
ysis, less than 50 points indicate inadequate green analysis, and between 
50 and 75 points indicate acceptable green analysis [39]. The calculated 
analytical eco-score of the described spectrofluorometric method (97 
points) supports the NEMI results and indicates excellent green analysis. 
(Table 5). The analytical greenness measure (AGREE) is a user-friendly 
software that uses the twelve-significance principle of green analytical 
chemistry as input criterion. Each of the twelve inputs is scored on a 
common scale from 0 to 1 and reflected the intuitive red-yellow-green 
color scale. In addition, the weight of each input criterion is assigned 
according to its importance in the process, which is reflected in the 
width of the corresponding segment. The output is a clock-like graph 
with the total score and the color representation in the center. The 
perfect analysis has a score of one and is represented by a dark green 
color [40,41]. The pictogram AGREE in Table 5 indicates the highest 
score (0.77) for the spectrofluorometric method described, indicating an 
excellent green analysis. 

4. Conclusion 

Remdesivir and apixaban were prescribed concomitantly for the 

Fig. 7. Second derivative synchronous fluorescence spectra of RDV (125 ng/ 
ml) and APX (2000 ng/ml) in water using Δλ = 150 nm. 

Table 1 
Regression and validation data for the determination of RDV and APX by the 
proposed method.  

Parameters RDV APX 

Wavelength (nm) 410 469 
Linearity range (ng/mL) 5–200 50–3000 
LOD (ng/mL) 0.603 8.598 
LOQ (ng/mL) 1.828 26.054 
Slope 0.0349 0.0023 
Intercept 0.2604 0.3678 
Coefficient of determination (r2) 0.9992 0.9994 
Accuracy (%Er)a − 0.14 0.59 
Repeatability Precision (RSD)b 0.771 0.624 
Intermediate precision (RSD)b 0.925 0.815  

a The mean average percentage error of nine determinations (three concen
trations repeated three times). 

b RSD of nine determinations (three concentrations repeated three times). 

Table 2 
Determination of RDV and APX in synthetic mixed samples by the proposed 
method.  

RDV APX 

Added 
(ng/mL) 

Founda 

(ng/mL) 
%Recovery Added 

(ng/mL) 
Founda 

(ng/mL) 
%Recovery 

50 49.79 99.58 50  49.43  98.87 
100 98.56 98.56 50  49.65  99.30 
50 50.28 100.55 100  100.09  100.09 
100 98.24 98.24 100  101.00  101.00 
200 198.53 99.26 200  200.52  100.26 
Mean ± RSD 99.24 ±

0.915 
Mean ± RSD 99.90 ±

0.836  

Table 3 
Quantitative determination of RDV and APX in pharmaceutical preparations 
using the proposed methods, as well as the results of using the standard addition 
technique, with statistical comparison to the reported methods.  

Recovery ± RSD  

RDV Reported 
method  

APX Reported 
method  
[28] 

Remdesivir- 
vial a 

99.64 ±
0.888 

99.82 ±
0.962 

Eliquis 
tablets a 

100.05 
± 0.769 

100.11 ±
1.064 

Standard 
addition b 

101.12 
± 1.480  

Standard 
addition b 

100.52 
± 0.987  

t-test 
(2.306)c 

0.317 t-test 
(2.306)c 

0.101 

F-test 
(6.388)c 

0.849 F-test 
(6.388)c 

0.522  

a Average of five determinations. 
b Average of three determinations. 
c The values in parentheses are tabulated values of t and F at P = 0.05. 

Table 4 
Bioanalytical validation parameters for quantitative analysis of RDV and APX by 
the proposed methods.  

Parameters RDV APX 

LLOQ (ng/mL) 3.4 39 
Linearity range (ng/mL) 3.4–200 39–3000 
Accuracy (%Er)a − 3.88 − 4.12 
Repeatability precision (RSD)b 1.266 1.189 
Intermediate precision (RSD)b 1.889 1.661 
Matrix effect (Mean ± RSD) 97.12 ± 1.259 95.07 ± 1.118  

a The mean average percentage error of triplicate determination of four 
quality control samples. 

b RSD of triplicate determination of four quality control samples. 
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treatment of severe COVID-19 infections. Green fitted second derivative 
synchronous spectrofluorometric tool was developed for Nano level 
determination of remdesivir and apixaban. The method was optimized 
in terms of sensitivity parameters and principles of green analytical 
chemistry. In addition, the method allowed selective simultaneous 
determination of the investigated drugs in the pure form and spiked 
human plasma. 
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