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Abstract: A simple, rapid, sensitive, and precise reversed-phase liquid chromatographic method was
developed and validated for the simultaneous determination of four direct-acting antivirals, sofosbuvir
(SF), ledipasvir (LD), declatasvir (DC), and simeprevir (SM), in their respective pharmaceutical
formulations. Effective chromatographic separation was achieved on an Agilent Eclipse plus C8
column (250 mm X 4.6 mm, 5 um) at 40 °C with gradient elution using a mobile phase composed
of acetonitrile:phosphate buffer (pH 6.5). The quantification of SF and DC was based on peak area
measurements at 260 nm, while the quantification of LD and SM was achieved at 330 nm. The linearity
was acceptable from 1.0 to 20.0 pg/mL for the studied drugs, with correlation coefficients >0.999. The
analytical performance of the newly proposed HPLC procedure was thoroughly validated according to
ICH guidelines in terms of linearity, precision (RSD%, 0.39-1.57), accuracy (98.05-101.90%), specificity,
limit of detection (LOD) (0.022-0.039 ug/mL), limit of quantification (LOQ) (0.067-0.118 ug/mL), and
robustness. The validated HPLC method was successfully used to analyze the abovementioned
drugs in their pure and dosage forms without interference from common excipients present in
commercial formulations.
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1. Introduction

Hepatitis C virus (HCV) infection is a worldwide health threat with 170-180 million infected
individuals [1,2]. The virus can cause acute and chronic hepatitis infections, ranging in severity from a
mild to serious lifelong illness [3]. Egypt has the largest epidemic of HCV worldwide, and according
to the “Egyptian Demographic Health Survey (EDHS)”, approximately 13.2 out 90 million (14.7% of
the population) suffer from HCV infection [4]. The early diagnosis of HCV infection is rare and the
disease may go unnoticed until serious liver damage has occurred [5].
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Until 2011, the treatment for HCV infection involved a combination of ribavirin and
PEGylated-interferon. Improved knowledge of the HCV life cycle and its enzymes has facilitated
the development of novel antiviral drugs. Recently, HCV treatment has been accomplished using
direct-acting antivirals (DAAs), which are safer, more effective, and well-tolerated compared with
older therapies and include sofosbuvir (SF), ledipasvir (LD), daclatasvir (DC), and simeprevir (SM).

SF is a prodrug of 2’-deoxy-2’-fluoro-2’-C-methyluridine monophosphate that is phosphorylated
intracellularly to the active triphosphate form (Figure 1A). SF is a white to off-white crystalline solid
having a molecular weight of 529.458 g/mol; has two pKa values: pKa; = 9.38 (amide), pKa, = 10.30;
and is commonly used for the treatment of chronic HCV [6].
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Figure 1. Chemical structures of (A) sofosbuvir, (B) ledipasvir, (C) daclatasvir, and (D) simeprevir.

LD (molecular weight = 889.01 g/mol) has pKa value pKa; = 11.33 and is a novel HCV NS5A
inhibitor that has shown potent antiviral activity (Figure 1B). LD affects the HCV NS5A protein, which
is involved in both RNA replication and aggregation of HCV virions [7]. A fixed-dose combination of
SF/LD is currently recommended for the treatment of patients infected with the genotype 1THCV [8].

DC (molecular weight = 738.89 g/mol) is a white to yellow crystalline nonhygroscopic powder. It
is freely soluble in water, dimethyl sulfoxide, and methanol; soluble in ethanol (95%); and practically
insoluble in dichloromethane, tetrahydrofuran, acetonitrile, acetone, and ethylacetate. It has a LogP
value of 4.67 and a pKa value of 11.15, and is a new direct-acting antiviral drug that targets different
steps of the HCV life cycle (Figure 1C) [9]. DC binds to NS5A, an HCV protein involved in both viral
RNA replication and virus particle aggregation, and inhibits its function [10]. The combination of DC
with SF provides a powerful tool in the treatment of HCV genotype 3 [11].

SM (molecular weight = 749.94 g/mol) has two pKa values: pKal = 3.77, pKa2 = 1.61, and inhibits
HCYV replication by binding to HCV NS3/4A protease and inhibiting its activity (Figure 1D). HCV
NS3/4A is necessary for viral replication [12,13] and SM/SF combination therapy has demonstrated
efficacy and safety for the treatment of post-transplant HCV genotype 1 patients [14].

SF content was determined in its pure form [15], in tablet dosage form [16], or in the
presence of its degradation products under various stress conditions [17,18] by reversed-phase
high-performance liquid chromatography (RP-HPLC). The quantification of SF alone or with its
metabolite in human plasma has also been achieved by liquid chromatography-tandem mass
spectrometry (LC-MS/MS) [19-21].

LD content has been determined by UV spectrophotometry [22], RP-HPLC [23], and in rat plasma
by ultra-performance liquid chromatography-tandem mass spectrometry (UPLC/MS/MS) [24]. Four
HPLC methods for the estimation of DC in pharmaceutical formulations and bulk powder [25-28], and
the LC-MS/MS method [29] for its quantitation in human plasma have been reported. Some methods
have been published for SM determination in the presence of its degradation products [30] and in
human plasma [31,32].
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Several methods for the simultaneous determination of SF either with LD [19,33-38] or with SM
have been published [13]. A single method has been published for the simultaneous determination
of SF, LD, DC, and SM in plasma [39]. However, no analytical methods have been reported for the
simultaneous determination of these antiviral drugs in their respective pharmaceutical dosage forms.

This study was performed to develop a simple, sensitive, rapid, and precise RP-HPLC method
for determination of common direct-acting antivirals, SF, LD, DC, and SM, in bulk powder and
pharmaceutical dosage forms simultaneously. The determination of these drugs in the same
chromatographic run is important for quality control laboratories as it has the potential to save
time and solvents.

2. Results and Discussion

As no method for the simultaneous determination of SF, LD, DC, and SM has been reported to
date, the goal of this work was to develop a rapid and simple RP-HPLC method with gradient elution
for their simultaneous determination in their pharmaceutical formulations.

The studied drugs were separated using the proposed method with good resolution and a suitable
run time (8 min). Different parameters were tested to optimize the chromatographic separation of the
studied drugs.

2.1. Method Development

To achieve optimum separation of the peaks of the studied drugs and improve the efficiency of the
chromatographic system, different experimental parameters including column, column temperature,
mobile phase composition, buffer pH, detection wavelength, and diluents were optimized.

2.1.1. Choice of Column and Temperature

Different columns with different lengths, particle sizes, and internal diameters were tested at
different temperatures, like the Nova pack C18 column (150 X 3.9 mm, 5 pm), BDS Hypersil, C18
column (250 X 4.6 mm, 5 um), discovery cyano column C18 (150 x 4.6 mm, 5 um), and Agilent Eclipse
plus C8 column (250 X 4.6 mm, 5 pm). Symmetrical peaks with good resolution eluted within a
reasonable time were obtained using an Agilent Eclipse plus C8 column (250 X 4.6 mm, 5 um) at 40 °C.

2.1.2. Mobile Phase Composition and pH of Buffer

Acetonitrile and methanol were tested as organic modifiers. Acetonitrile was selected because
it provides improved separation of the studied drugs with a reasonable run time. Water, phosphate
buffer, and acetate buffer were mixed with acetonitrile in different proportions, and 0.02 M anhydrous
KH,POy, buffer yielded the best separation. The effect of buffer pH was studied from pH 5 to 7, and
pH 6.5 was selected as optimal because it provided the best resolution with symmetrical peaks.

Different gradient elution modes were applied to improve separation of the studied drugs with
reasonable retention times (<7 min) and good resolution between peaks (Figure 2). The selected
gradient elution mode is described in Table 1.

Table 1. Timetable of the validated gradient method.

Time (min) Acetonitrile (%) Buffer (%) Wavelength (nm)
0.0 47 53 260
3.5 47 53 260
3.6 70 30 330
9.5 70 30 330
9.7 47 53 260

10.0 47 53 260
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Figure 2. HPLC chromatogram of 2.0 ug/mL for each of daclatasvir (2.262 min), sofosbuvir (2.867 min),
ledipasvir (5.828 min), and simeprevir (6.398 min) under the described chromatographic conditions.

2.1.3. Choice of Detection Wavelength

The proper detection wavelength is important for method sensitivity. For good quantitation of the
cited drugs, UV detection at 260 nm for SF and DC and 330 nm for LD and SM was selected based on
the maximum absorption peak for each drug (Table 1). Daclatasvir and sofosbuvir were simultaneously
separated with retention times of 2.262 and 2.867 min, respectively, and the time of difference between
two peaks lasted less than a minute. The wavelength of the maximum absorption band for sofosbuvir
was 260 nm and, for daclatasvir, it was 319 nm, with no detection for sofosbuvir. Short separation
time did not allow enough time to change the wavelength to achieve maximum absorbance for both
analytes individually. Therefore, the optimum wavelength to detect both compounds simultaneously
was found to be 260 mm.

2.1.4. Choice of Diluents

The analytes were first dissolved in methanol as it allowed for proper dissolution of the analyzed
drugs. Aliquots withdrawn were then brought to the specified volume with a solvent composed of
acetonitrile and pH 6.5 phosphate buffer (50:50, v/v), providing good peak symmetry and sharpness to
improve the resolution between the drugs.

2.2. Method Validation

The method validation parameters, including system suitability, specificity, linearity, precision,
accuracy, limit of detection (LOD), limit of quantification (LOQ), and robustness were optimized
according to ICH guidelines for validation of analytical procedures [40].

2.2.1. System Suitability

The system suitability test is an integral part of LC methods and is used to verify the adequacy
of the system for analysis [41]. Assessment of column efficiency by number of theoretical plates (N),
selectivity factor (o), retention factor (K), peak resolution (R), and peak tailing (T) indicated that the
peaks were symmetrical and generally well-resolved (Table 2).

2.2.2. Specificity

The specificity of an analytical method is defined as the ability to accurately determine the analyte
in the presence of additional components, including impurities, degradation products, and excipients.
The proposed method was tested for its specificity by assessing any changes resulting from the presence
of common tablet additives, including lactose, starch, magnesium stearate, and talc. No interference
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occurred in the presence of these excipients, as indicated by the high mean percentage recovery and
low SD.
Table 2. System suitability tests for the developed HPLC method for the determination of sofosbuvir
(SF), ledipasvir (LD), declatasvir (DC), and simeprevir (SM) (2.0 pg/mL).
Parameters bc SE LD SM Reference Value [41]
Obtained Value
* Resolution (R) 2.73 12.57 4.46 R>15
Tailing factor (T) 0.81 1.13 163 087 <1.5-2(T =1 for a typical symmetric peak)
Capacity factor (K) 1.13 1.6 449 529 1.0-10.0
** Selectivity factor (o) 1.22 2.21 1.14 a>15
Number of theoretical plates (N) 9546 1951 6651 37350 More than 2000
Height Equivalent to the Theoretical Smaller values indicate higher column
Plate (HETP) 0.03 0.13 0.04 0.01 efficiencies
* Resolution is difference in retention times between the two peaks. ** Selectivity factors is the distance between two
In addition, the method specificity was evaluated using the peak purity plot for SF, LD, DC, and

chromatographic peaks.
SM obtained by the photodiode array detector and peak purity information, which confirmed the

purity of the drugs as the peak purity angle was smaller than the peak purity threshold (Figure 3).
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Figure 3. UV spectrum and peak purity curves of (A) daclatasvir, (B) sofosbuvir, (C) ledipasvir, and
(D) simeprevir determined by a photodiode array (PDA) detector.

2.2.3. Linearity and Range

In this study, linearity was evaluated by the preparation of six different standard solutions
containing the four drugs simultaneously at concentrations ranging from 1.0 to 20.0 ug/mL. Each
concentration was analyzed three times and the calibration curves were obtained by plotting the peak
area against the corresponding concentration. The linearity was determined by estimation of the
regression line by the least squares method. Good calibration curve linearity was verified by the high
correlation coefficients. The analytical data related to the calibration curves of the studied drugs are
summarized in Table 3.

Table 3. Regression and analytical parameters of the proposed HPLC method for the determination of
SE, LD, DC, and SM.

Drugs
SF LD DC SM
Accuracy (Mean + SD) 98.05 + 0.61 101.90 + 0.31 99.78 £1.21 100.87 £ 0.9

Parameter

Precision:
Repeatability 2 0.39 1.25 0.42 0.77
Intermediate precision P 1.32 1.57 0.70 1.45
Linearity:
Slope 4.20 37.784 13.768 16.589
Intercept 0.081 —-0.6166 -0.597 0.0124
Correlation coefficient (r) 0.9995 0.9993 0.9998 0.9996
Range (ug/mL) 1.0-20.0
LOD (pg/mL) € 0.034 0.039 0.022 0.030
LOQ (pg/mL) 4 0.103 0.118 0.067 0.092

2 Average of three determinations of three concentrations of SF, LD, DC, and SM (2.0, 8.0, and 16.0 ug/mL) on the
same day. ® Average of three determinations of three concentrations of SF, LD, DC, and SM (2.0, 8.0 and 16.0 pg/mL)
on three successive days. ¢ LOD = 3.3-SD of the response/slope. ¢ LOQ = 10-SD of the response/slope.

2.2.4. Accuracy

The accuracy of the analytical method indicates the closeness of the assayed value to the theoretical
value. In the newly developed method, the accuracy was verified by determination of SF, LD, DC,
and SM in their pure forms at three different concentrations in triplicate for each concentration. The
accuracy was also assessed by the standard addition technique to the commercial dosage forms
containing SF and LD (Harvoni® tablets, Gilead Sciences, Foster City, CA, USA), DC (Daclavirocyrl®
tablets, Marycl, Cairo, Egypt), and SM (Olysio® capsules, Janssen-Cilag, Beerse, Belgium). Good
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recoveries were obtained in terms of accuracy and precision, indicating that the tablet excipients did
not interfere in the quantification of the drugs in their dosage forms (Table 3).

2.2.5. Precision

Precision is a measure of the closeness of the measurements to each other and was evaluated
by repeatability (intra-day) and intermediate precision (inter-day). Precision judges the quality of
the developed method. To evaluate precision, three different concentrations of SE, LD, DC, and SM
(2.0, 8.0, and 16.0 ug/mL) were assayed in triplicate daily (repeatability) using the newly proposed
method. The intermediate precision (inter-day) was determined by repeating the assay for the same
concentrations on three successive days. Good RSD% values were obtained, indicating satisfactory
precision of the proposed method (Table 3).

2.2.6. Detection and Quantitation Limits

The limit of detection (LOD) is the minimum analyte concentration that can be detected. It was
calculated as LOQ = 3.3 X ¢/S, where o is the standard deviation of the response and S is the calibration
curve slope.

The limit of quantification (LOQ) is the minimum concentration that can be determined, under
which the calibration plot is nonlinear, according to the ICH guidelines. It was calculated as
LOD =10 x o/S.

The LOD values obtained by the proposed method were 0.03, 0.04, 0.02, and 0.03 ug/mL, and
the LOQ values were 0.10, 0.12, 0.07, and 0.09 ug/mL for SF, LD, DC, and SM, respectively. These
values indicate good sensitivity of the proposed method and its capability to detect and quantify the
investigated drugs over a wide linear range.

2.2.7. Robustness

Robustness indicates the ability of an analytical method to remain unaffected by small but
deliberate changes to the chromatographic conditions and is an indication of the method reliability.
Robustness was evaluated by changing the flow rate (2 mL-min~! + 0.1) and pH of the buffered solution
in the mobile phase (pH 6.5 £ 0.1). No significant changes in the retention times were observed when
the flow rate, pH, temperature, and buffer concentration were changed slightly. The RSD values
indicated that the proposed method was sufficiently robust (Table 4).

Table 4. Results of robustness study.

Chromatographic Condition

Mobile Phase Flow Rate mL/min

Drug
1.9 2.0 2.1
Retention Time o Retention Time o Retention Time o
(min) + SD RSD% (min) + SD RSD% (min) + SD RSD%
DC 2452 +0.012 0.469 2.254 +0.007 0.302 2.035 +0.010 0.474
SF 2.983 + 0.005 0.177 2.854 + 0.012 0.428 2.605 +0.006 0.225
LD 6.007 = 0.008 0.136 5.828 + 0.003 0.043 5.652 + 0.002 0.035
SM 6.561 +0.033 0.51 6.393 + 0.005 0.071 6.102 + 0.001 0.016
pH
6.4 6.5 6.6
DC 2.257 +0.005 0.209 2.254 +0.007 0.302 2.233 +0.003 0.137
SF 2.862 + 0.003 0.107 2.854 + 0.012 0.428 2.861 + 0.002 0.070
LD 5.829 + 0.002 0.026 5.828 + 0.003 0.043 5.831 + 0.005 0.079

SM 6.393 + 0.004 0.068 6.393 £ 0.005 0.071 6.399 + 0.002 0.033
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Table 4. Cont.

Chromatographic Condition

Mobile Phase Flow Rate mL/min

Drug
1.9 2.0 2.1
Retention Time o Retention Time o Retention Time o
(min) + SD RSD% (min) + SD RSD% (min) + SD RSD%
Temperature
39°C 40 °C 41°C
DC 2.259 + 0.006 0.246 2.254 + 0.007 0.302 2.255 + 0.004 0.185
SF 2.883 + 0.006 0.191 2.854 +0.012 0.428 2.829 +0.016 0.575
LD 5.832 £ 0.021 0.367 5.828 + 0.003 0.043 5.852 + 0.002 0.034
SM 6.390 + 0.002 0.03 6.393 + 0.005 0.071 6.391 + 0.003 0.047
Buffer Molarity
0.018 M 0.02M 0.022M
DC 2.257 +0.008 0.355 2.254 + 0.007 0.302 2.265 +0.010 0.444
SF 2.886 +0.019 0.666 2.854 +0.012 0.428 2.858 + 0.024 0.855
LD 5.798 + 0.023 0.397 5.828 + 0.003 0.043 5.841 + 0.034 0.581
SM 6.402 + 0.023 0.364 6.393 + 0.005 0.071 6.386 + 0.005 0.072

2.3. Application of the Proposed Method for the Analysis of Commercial Tablets

The proposed and validated HPLC method was applied for the analysis of the studied drugs
in their pharmaceutical dosage forms. The results presented in Table 5 are satisfactory, with good
agreement with the labeled claim for each drug. There was no interference from the excipients present
in the dosage form.

Table 5. Determination of SF, LD, DC, and SM in their pharmaceutical formulations by the proposed
HPLC method and application of standard addition technique.

Component in Taken o a Pure Added o a
Dosage Form the Product (ug/mL) Found % ® + SD (ug/mL) Recovery % Mean + SD
6.0 97.73
SF (400 m . 37+1. 8.0 97.38 44+ 0.
Harvoni tablet (400 ( g) 8.0 98.37 + 1.51 50 e 97.44 + 0.26
mg SF and 90 mg LD) . i
B.N. VCKSDI 12 99.01
LD (90 mg) 1.8 101.00 + 0.70 1.8 100.36 99.27 + 0.98
2.0 9844
Daclavirocytl 1.0 98.25
aclavirocyr DC (200 mg) 1.2 100.81  1.16 1.20 97.89 98.31 + 0.45
B.N. 1631490 20 08,78
Olvic® 2.0 99.06
ysio SM (150 mg) 3.0 101.19 + 0.60 3.0 100.27 100.12 + 0.99
B.N. FJ4H00 40 101.02

2 Average of three determinations.

The validity of the proposed method was further assessed by performing the standard addition
technique. The combined pre-analyzed tablet powders were spiked with SE, LD, DC, and SM pure
standards, each at three different concentrations. The recovery of each pure drug was determined to be
quantitative, as shown in Table 5.

Statistical comparisons between the results of the proposed method on pharmaceutical dosage
forms and those of reported methods [27,31,38] were carried out using Student’s t-test for accuracy
and F-test for precision. As shown in Table 6, the calculated ¢-test and F-values did not exceed the
tabulated one at the 95% confidence level, revealing that there was no significant difference between
the proposed and reported methods with respect to accuracy and precision.
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Table 6. Statistical comparison between results of the dosage forms of the proposed and those of the
reported methods.

Items The Proposed HPLC Method Reported Methods
SF LD DC SM SF 2 [38] LD 2 [38] DCP [27] SM € [31]
Mean%i Sp* 98.37+1.51  101.00+0.70 100.81 +1.16 101.19+0.60 99.19+1.02 101.26 +0.79 100.54 +0.97  100.67 + 0.951
Variance 2.280 0.490 1.346 0.360 1.040 0.624 0.941 0.904
N 6 6 6 6 6 6 5 5

Student’s ¢ 1.102 (2.228)  0.603 (2.228)  0.372(2.262)  1.107 (2.262)
test ™~ k. ™ *x

2,511 (5.19)

ok

F value 219 (5.05)* 127 (5.05)* 143 (6.26) **

* Average of three determinations. ** The values between parentheses correspond to the theoretical values of t and F
(p = 0.05). ® Reported method, ratio subtraction SEectrophotometric method for simultaneous determination of SF at
261 nm and LD at zero-order spectra at 333 nm. ° Reported method, HPLC method for determination of DC using
acetonitrile:methanol (70:30 v/v) and UV detection at 230 nm. € Reported method, HPLC method for determination
of SM using phosphate buffer (pH 6, 52.5 mM):acetonitrile (30:70 v/v) as the mobile phase and UV detection at
225 nm.

3. Materials and Methods

Harvoni® tablets (Batch no. VCKSDI), labeled to contain 400 and 90 mg of SF and LD per tablet,
respectively, were obtained from Patheon, Inc. of Mississauga, Ontario for Gilead Sciences, Inc., Canada.
Daclavirocyrl tablets (Batch no. 1631490), labeled to contain 60 mg DC per tablet, were obtained from
Marcyrl Pharmaceutical Industries (Cairo, Egypt). Olysio® capsules Janssen-Cilag (Beerse, Belgium),
(Batch No. FJ 4H00) were obtained from Janssen-Cilag, labeled to contain 150 mg SM per tablet.

All chemicals used herein were of analytical grade and solvents were of HPLC grade. Methanol and
acetonitrile were supplied by E-Merck (Darmstadt, Germany). Potassium dihydrogen orthophosphate
(KHPO4) and sodium hydroxide (NaOH) were from El Naser Pharmaceutical Chemicals Company
(Egypt). Bi-distilled water was produced in-house (Aquatron Water Still, A4000D, England, UK) and
membrane filters (0.45 pm Whatman) were used for mobile phase filtration.

Chromatographic separation was achieved using an Agilent Eclipse plus C8 column (250 mm X
4.6 mm, 5 pm) with a gradient elution based on a mobile phase consisting of KH,PO, (pH adjusted to
6.5 with NaOH) and acetonitrile mixed in the ratios listed in Table 1. The flow rate was set to 2 mL/min
and the column temperature was held at 40 °C. UV detection was programmed at 260 nm for SF and
DC and 330 nm for LD and SM. The injection volume was 25 pL and data acquisition was performed
using Agilent LC Chemstation software, version 32.

Standard stock solutions of SF, LD, DC, and SM (200.0 pg/mL) were prepared separately by
dissolving 20 mg of each drug in 100 mL of methanol. Further dilutions were performed using a diluent
(mixture of pH 6 phosphate buffer and acetonitrile 50:50 v/v) for preparation of the calibration standards.

Different mixed standard solutions of SF, LD, DC, and SM in the concentration range 1.0-20.0
ug/mL were prepared by transferring different aliquots of the standard stock solutions of each drug into
the diluent in a volumetric flask (total volume of 10 mL). Then, 25 uL of each mixed standard solution
was injected into the HPLC. The calibration curves for each drug were constructed by plotting the
average peak areas against the concentration, and the corresponding regression equations were derived.

An accurately weighed amount equivalent to 400.0, 90.0, 60.0, and 150.0 mg of SE, LD, DC, and SM,
respectively, was transferred from the respective pharmaceutical formulation to a 100 mL volumetric
flask, dissolved in methanol by sonication for 15 min, and subsequently brought to the desired volume
with methanol. The mixture was then filtered through a 0.45 um syringe filter. From this solution,
1 mL was pipetted into a 50 mL volumetric flask and diluted to the specified mark with methanol.
Aliquots containing suitable concentrations of the studied drugs that were diluted with diluent were
analyzed as described under the “construction of calibration curves.” The quantitation of each drug
was performed using the corresponding regression equation.
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4. Conclusions

The proposed HPLC method with UV detection achieved the simple, sensitive, accurate, and
rapid simultaneous determination of the SF, LD, DC, and SM HCV drugs. The developed method
was applied for assaying the studied drugs in bulk and pharmaceutical formulations, and validated
according to ICH guidelines. The novel method is highly sensitive (LODs 0.03, 0.04, 0.02, and 0.03
nug/mL for SF, LD, DC, and SM, respectively) and will be of great importance in quality control
laboratories because it can save time (retention time < 7 min) and solvents by using the same mobile
phase for the analysis of dosage and pure forms of the drugs simultaneously.

Author Contributions: Conceptualization, N.FA.-T., E.E. and M.H.T.; methodology, N.FA.-T. and M.H.T,;
software, N.FA.-T. and M.H.T.; validation, N.FEA.-T. and M.H.T,; formal analysis, N.FA.-T. and M.H.T,;
investigation, E.E., and Y.A.A,; resources, EE., AE-GE.A.,, A AA. and Y.A.A; data curation, N.EA.-T. and
M.H.T.; writing—original draft preparation, N.FA.-T. and M.H.T.; writing—review and editing, E.E., A.A.A. and
Y.A.A,; visualization, E.E., A.E.-G.E.A. and Y.A A ; supervision, N.F.A.-T. and M.H.T.; project administration, E.E.
and Y.A.A; funding acquisition, E.E., A E.-G.E.A., A/ A.A. and Y.A A. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the Researchers Supporting Project, King Saud University, Riyadh, Saudi
Arabia via grant number RSP-2020/45 and article processing charge (APC) was also supported by the Researchers
Supporting Project (RSP-2020/45).

Acknowledgments: The authors extend their sincere appreciation to the Researchers Supporting Project, King
Saud University, Riyadh, Saudi Arabia for funding this work through the grant number RSP-2020/45.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Lavanchy, D. Evolving epidemiology of hepatitis C virus. Clin. Microbiol. Infect. 2011, 17, 107-115. [CrossRef]
[PubMed]

2. Shepard, C.W.; Finelli, L.; Alter, M.]. Global epidemiology of hepatitis C virus infection. Lancet Infect. Dis.
2005, 5, 558-567. [CrossRef]

3. Wilkins, T.; Malcolm, J.K; Raina, D.; Schade, R.R. Hepatitis C: Diagnosis and treatment. Am. Fam. Physician
2010, 81, 1351-1357.

4. Kandeel, A.; Genedy, M.; El-Refai, S.; Funk, A.L.; Fontanet, A.; Talaat, M. The prevalence of hepatitis C virus
infection in Egypt 2015: Implications for future policy on prevention and treatment. Liver Int. 2017, 37, 45-53.
[CrossRef]

5. Rafig, S.M.; Banik, G.R.; Khan, S.; Rashid, H.; Khandaker, G. Current Burden of Hepatitis C Virus Infection
Among Injecting Drug Users: A Mini Systematic Review of Prevalence Studies. Infect. Disord. Drug Targets
Disord. 2014, 14, 93-100. [CrossRef] [PubMed]

6. Goodman, L.S.; Gilman, A.G.; Hardman, J.G.; Limbird, L.E.; Molinoff, P.B.; Ruddon, R.W.; Palmer, T.;
Kunkel, E.; Rall, TW. Goodman & Gilman’s the Pharmacological Basis of Therapeutics; McGraw-Hill, Health
Professions Division: New York, NY, USA, 1996.

7. Kwon, HJ.; Xing, W.; Chan, K.; Niedziela-Majka, A.; Brendza, K.M.; Kirschberg, T.; Kato, D.; Link, J.O.;
Cheng, G.; Liu, X; et al. Direct binding of ledipasvir to HCV NS5A: Mechanism of resistance to an HCV
antiviral agent. PLoS ONE 2015, 10, e0122844. [CrossRef]

8. Afdhal, N.; Zeuzem, S.; Kwo, P; Chojkier, M.; Gitlin, N.; Puoti, M.; Romero-Gomez, M.; Zarski, J.P;
Agarwal, K.; Buggisch, P; et al. Ledipasvir and sofosbuvir for untreated HCV genotype 1 infection. N. Engl.
J. Med. 2014, 370, 1889-1898. [CrossRef]

9.  Chukkapalli, V.; Berger, K.L.; Kelly, 5.M.; Thomas, M.; Deiters, A.; Randall, G. Daclatasvir inhibits hepatitis C
virus NS5A motility and hyper-accumulation of phosphoinositides. Virology 2015, 476, 168-179. [CrossRef]

10. Shanmugam, S.; Nichols, A K,; Saravanabalaji, D.; Welsch, C.; Yi, M. HCV NS5A dimer interface residues
regulate HCV replication by controlling its self-interaction, hyperphosphorylation, subcellular localization
and interaction with cyclophilin A. PLoS Pathog. 2018, 14, €1007177. [CrossRef]

11.  Sundaram, V.; Kowdley, K.V. Dual daclatasvir and sofosbuvir for treatment of genotype 3 chronic hepatitis C
virus infection. Expert Rev. Gastroenterol. Hepatol. 2016, 10, 13-20. [CrossRef]


http://dx.doi.org/10.1111/j.1469-0691.2010.03432.x
http://www.ncbi.nlm.nih.gov/pubmed/21091831
http://dx.doi.org/10.1016/S1473-3099(05)70216-4
http://dx.doi.org/10.1111/liv.13186
http://dx.doi.org/10.2174/1871526514666141014145612
http://www.ncbi.nlm.nih.gov/pubmed/25313101
http://dx.doi.org/10.1371/journal.pone.0122844
http://dx.doi.org/10.1056/NEJMoa1402454
http://dx.doi.org/10.1016/j.virol.2014.12.018
http://dx.doi.org/10.1371/journal.ppat.1007177
http://dx.doi.org/10.1586/17474124.2016.1116937

Molecules 2020, 25, 4611 11 of 12

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Tsantrizos, Y.S. TMC-435, an NS3/4A protease inhibitor for the treatment of HCV infection. Curr. Opin.
Investig. Drugs 2009, 10, 871-881. [PubMed]

Raj Kumar, B.; Subrahmanyam, K.V. A new validated rp-hplc method for the simultaneous determination of
simeprevir and sofosbuvir in pharmaceutical dosage form. Indo Am. . Pharm. Res. 2016, 6, 4508—4520.
Crittenden, N.E.; Buchanan, L.A.; Pinkston, C.M.; Cave, B.; Barve, A.; Marsano, L.; McClain, C.J.; Jones, C.M.;
Marvin, M.R.; Davis, E.G.; et al. Simeprevir and sofosbuvir with or without ribavirin to treat recurrent
genotype 1 hepatitis C virus infection after orthotopic liver transplantation. Liver Transplant. 2016, 22,
635-643. [CrossRef]

Chakravarthy, V.A ; Sailaja, B.; Praveen Kumar, A. Method development and validation of ultraviolet-visible
spectroscopic method for the estimation of hepatitis-c drugs-daclatasvir and sofosbuvir in active
pharmaceutical ingredient form. Asian J. Pharm. Clin. Res. 2016, 9, 61-66. [CrossRef]

Vejendla, R.; Subramanyam, C.V.S.; Veerabhadram, G. Estimation and validation of sofosbuvir in bulk and
tablet dosage form by rp-hplec. Int. J. Pharm. 2016, 6, 121-127.

Swain, D.; Samanthula, G.; Bhagat, S.; Bharatam, P.V,; Akula, V.; Sinha, B.N. Characterization of forced
degradation products and in silico toxicity prediction of Sofosbuvir: A novel HCV NS5B polymerase inhibitor.
J. Pharm. Biomed. Anal. 2016, 120, 352-363. [CrossRef]

Nebsen, M.; Elzanfaly, E.S. Stability-Indicating Method and LC-MS-MS Characterization of Forced
Degradation Products of Sofosbuvir. J. Chromatogr. Sci. 2016, 54, 1631-1640. [CrossRef]

Rezk, M.R; Basalious, E.B.; Amin, M.E. Novel and sensitive UPLC-MS/MS method for quantification of
sofosbuvir in human plasma: Application to a bioequivalence study. Biomed. Chromatogr. 2016, 30, 1354-1362.
[CrossRef]

Madhavi, S.; Rani, A.P. Bioanalytical method development and validation for the determination of sofosbuvir
from human plasma. Int. J. Pharm. Pharm. Sci. 2017, 9, 35-41. [CrossRef]

Semreen, M.H.; Alniss, H.Y.; Mousa, M.K.; Aboul-Enein, H.Y. Quick and Sensitive UPLC-ESI-MS/MS Method
for Simultaneous Estimation of Sofosbuvir and Its Metabolite in Human Plasma. Molecules 2019, 24, 1302.
[CrossRef]

Ranjana, S.; Nitin, S.; Ganesh, T.; Gholve, S.B. Development and Validation of Simple UV Spectrophotometric
Method for the Determination of Ledipasvir in Bulk Form and Stress Degradation Studies. Inventi Rapid
Pharm. Anal. Qual. Assur. 2016, 3, 1-5.

Devilal, J.; Durgaprasad, B.; Pal, N.; Rao Avanapu, S. New method development and validation for the
determination of ledipasvir in bulk drug form by using reverse phase hplc technique. World J. Pharm. Pharm.
Sci. 2016, 6, 1312-1321.

Zhang, K; Ma, X.-Q.; Li, Z.-H.; Zhang, Y.-L.; Song, ].-J. An UPLC-MS/MS Method for the Quantitation of
Ledipasvir in Rat Plasma: Application to a Pharmacokinetic Study. Latin Am. |. Pharm. 2016, 35, 1116-1121.
Chakravarthy, V.A,; Sailaja, B.B.V. Method development and validation of assay and dissolution methods for
the estimation of daclatasvir in tablet dosage forms by reverse phase HPLC. Eur. |. Pharm. Med. Res. 2016, 3,
356-364.

Nadig, S.; Jacob, J.T. Quantitative Estimation of Daclatasvir In Drug Substances and Formulated Drug
Product By UPLC. Der Pharm. Lett. 2016, 8, 280-284.

Sumathi, K.; Thamizhvanan, K.; Vijayraj, S. Development and validation of stability indicating RP-HPLC
method for the estimation of Daclatasvir in bulk and formulation. Der Pharm. Lett. 2016, 8, 107-113.

Saleh, H.; Ragab, G.H.; Othman, M. A. Stability Indicating HPLC Method Development and Validation for
Determination of Daclatasvir in Pure and Tablets Dosage Forms. Indo Am. J. Pharm. Sci. 2016, 3, 1565-1572.
Rezk, M.R.; Bendas, E.R.; Basalious, E.B.; Karim, I.A. Development and validation of sensitive and rapid
UPLC-MS/MS method for quantitative determination of daclatasvir in human plasma: Application to a
bioequivalence study. J. Pharm. Biomed. Anal. 2016, 128, 61-66. [CrossRef]

Attia, K.A.M,; El-Abasawi, N.M.; El-Olemy, A.; Serag, A. Stability-indicating HPLC-DAD Method for the
Determination of Simeprevir. Anal. Chem. Lett. 2017, 7, 43-51. [CrossRef]

Nannetti, G.; Pagni, S.; Parisi, S.G.; Alberti, A.; Loregian, A.; Palu, G. Development of a simple HPLC-UV
method for the determination of the hepatitis C virus inhibitor simeprevir in human plasma. J. Pharm.
Biomed. Anal. 2016, 121, 197-203. [CrossRef]


http://www.ncbi.nlm.nih.gov/pubmed/19649931
http://dx.doi.org/10.1002/lt.24422
http://dx.doi.org/10.22159/ajpcr.2016.v9s3.14616
http://dx.doi.org/10.1016/j.jpba.2015.12.045
http://dx.doi.org/10.1093/chromsci/bmw119
http://dx.doi.org/10.1002/bmc.3690
http://dx.doi.org/10.22159/ijpps.2017v9i3.16185
http://dx.doi.org/10.3390/molecules24071302
http://dx.doi.org/10.1016/j.jpba.2016.05.016
http://dx.doi.org/10.1080/22297928.2017.1287004
http://dx.doi.org/10.1016/j.jpba.2016.01.019

Molecules 2020, 25, 4611 12 of 12

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Vanwelkenhuysen, I.; de Vries, R.; Timmerman, P.; Verhaeghe, T. Determination of simeprevir: A novel.
hepatitis C protease inhibitor in human plasma by high-performance liquid chromatography-tandem mass
spectrometry. J. Chromatogr. B Anal. Technol. Biomed. Life Sci. 2014, 958, 43-47. [CrossRef] [PubMed]
Hassouna, M.E.M.; Abdelrahman, M.M.; Mohamed, M.A. Assay and Dissolution Methods Development
and Validation for Simultaneous Determination of Sofosbuvir and Ledipasvir by RP-HPLC Method in Tablet
Dosage Forms. J. Forensic Sci. Crim. Inves 2017, 1, 555562. [CrossRef]

Rezk, M.R.; Basalious, E.B.; Karim, I.A. Development of a sensitive UPLC-ESI-MS/MS method for
quantification of sofosbuvir and its metabolite. GS-331007, in human plasma: Application to a bioequivalence
study. J. Pharm. Biomed. Anal. 2015, 114, 97-104. [CrossRef] [PubMed]

Elkady, E.E,; Aboelwafa, A.A. A Rapid and Optimized LC-MS/MS Method for the Simultaneous Extraction
and Determination of Sofosbuvir and Ledipasvir in Human Plasma. J. AOAC Int. 2016, 99, 1252-1259.
[CrossRef]

Zaman, B.; Siddique, F.; Hassan, W. RP-HPLC Method for Simultaneous Determination of Sofosbuvir and
Ledipasvir in Tablet Dosage Form and Its Application to In Vitro Dissolution Studies. Chromatographia 2016,
79,1605-1613. [CrossRef]

Farid, N.F; Abdelwahab, N.S. Chromatographic analysis of ledipasvir and sofosbuvir: New treatment for
chronic hepatitis C infection with application to human plasma. J. Lig. Chromatogr. Relat. Technol. 2017, 40,
327-332. [CrossRef]

Abo-Talib, N.F,; El-Ghobashy, M.R.; Tammam, M.H. Spectrophotometric Methods for Simultaneous
Determination of Sofosbuvir and Ledipasvir (HARVONI Tablet): Comparative Study with Two Generic
Products. J. AOAC Int. 2017, 100, 976-984. [CrossRef]

Ariaudo, A.; Favata, F; De Nicolo, A.; Simiele, M.; Paglietti, L.; Boglione, L.; Cardellino, C.S.; Carcieri, C.; Di
Perri, G.; D’Avolio, A. A UHPLC-MS/MS method for the quantification of direct antiviral agents simeprevir,
daclatasvir, ledipasvir, sofosbuvir/GS-331007, dasabuvir, ombitasvir and paritaprevir, together with ritonavir,
in human plasma. J. Pharm. Biomed. Anal. 2016, 125, 369-375. [CrossRef]

ICH. ICH Q2(R1) Validation of Analytical Procedures: Text and Methodology in pp. In ICH Guideline; ICH
Secretariat: Geneva, Switzerland, 2005; Available online: http://www.ich.org (accessed on 27 September 2020).
USP. USP 38—NF 33 the United States Pharmacopeia and National Formulary 2015: Main Edition Plus Supplements
1 and 2; Deutscher Apotheker Verlag: Baltimore, MD, USA, 2015.

Sample Availability: Samples of the compounds are not available from the authors.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.jchromb.2014.02.028
http://www.ncbi.nlm.nih.gov/pubmed/24695212
http://dx.doi.org/10.19080/JFSCI.2017.01.555562
http://dx.doi.org/10.1016/j.jpba.2015.05.006
http://www.ncbi.nlm.nih.gov/pubmed/26037157
http://dx.doi.org/10.5740/jaoacint.16-0021
http://dx.doi.org/10.1007/s10337-016-3179-9
http://dx.doi.org/10.1080/10826076.2017.1298526
http://dx.doi.org/10.5740/jaoacint.16-0330
http://dx.doi.org/10.1016/j.jpba.2016.04.031
http://www.ich.org
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Method Development 
	Choice of Column and Temperature 
	Mobile Phase Composition and pH of Buffer 
	Choice of Detection Wavelength 
	Choice of Diluents 

	Method Validation 
	System Suitability 
	Specificity 
	Linearity and Range 
	Accuracy 
	Precision 
	Detection and Quantitation Limits 
	Robustness 

	Application of the Proposed Method for the Analysis of Commercial Tablets 

	Materials and Methods 
	Conclusions 
	References

