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ABSTRACT

This study focuses on the analysis of hepatitis C drugs, specifically sofosbuvir (SOF) and
daclatasvir (DCL), and their oxidative products. The drugs were isolated and characterized using
FTIR, 'HNMR, and Mass Spectrometry techniques. Additionally, the drugs were oxidized using cerium
(IV) in the presence of sulfuric acid at 100°C. A spectrophotometric method was developed for the
quantitative analysis of SOF and DCL in pure and pharmaceutical forms. The oxidation of the drugs
was monitored by back determination of residual Ce(lV) using Fe(ll) with ferroin as an indicator at
510 nm. The method demonstrated good sensitivity with RSD%<1.0, and the data were statistically

analyzed using t- and F-tests.
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INTRODUCTION

Sofosbuvir and Daclatasvir are used as
antiviral drugs to treat persistent infections with
the hepatitis C virus (HCV). Daclatasvir targets
the NS5A protein involved in viral assembly and
replication, whereas sofosbuvir targets the HCV
NS5B polymerase enzyme to suppress viral
replication. To maximize adverse effect reduction
and attain high cure rates for hepatitis C, both

medications, which belong to the direct-acting
antiviral (DAA) class, are used in combination with
other drug compounds’3.

For drug development and quality control,
forced degradation studies are crucial. These studies
intentionally subject pharmaceutical ingredients and
products to stress to evaluate stability, degradation
mechanisms, and contaminants. The primary
objectives of forced degradation research include
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stability assessment, identification of degradants,
validation of analytical methods, optimization of
formulations, and ensuring regulatory compliance.
Common stress conditions used in forced degradation
studies include hydrolysis, oxidation, thermal stress,
photodegradation, and humidity.

A literature review indicates that there
are limited methods available for analyzing SOF
and DCL in pharmaceutical formulations. The
methods include HPLC 4-13, (UHPC)'*'¢, and
electrochemical’ methods. These methods
are intricate and necessitate comprehensive
pre-treatment of samples and detailed clean-up
procedures before analysis. A comprehensive
literature review indicates that only a limited
number of spectrophotometric methods exist for
quantifying SOF and DCL in both their pure forms
and pharmaceutical dosages'®22.

In numerous quality control and clinical
laboratories, visible spectrophotometry is often the
most convenient analytical technique. This method
is favored for its high sensitivity, excellent analytical
selectivity, impressive accuracy and precision, and
widespread availability for analyzing pharmaceutical
products. The oxidizing agent cerium IV (Ce(IV)) has
been utilized to detect various drugs.?*%

This study elucidates the structure of the
forced oxidation product formed between Ce(IV)
and SOF or DCL for the first time. The degradation
of both drugs is isolated and characterized
using FTIR, 'H-NMR, and mass spectrometry.
Spectrophotometric titration with excess Ce(lV) and
Fe(ll) is employed for the accurate determination of
SOF and DCL in pure forms and tablets.

MATERIALS AND METHODS

Apparatus

During the whole study, a Scientech SA
210 digital analytical balance was used to measure
weight. A Tecchin water bath was used to control
temperature. The pH measurements were performed
with the aid of a Jenway pH meter. FTIR spectra were
scanned with the aid of a Nicolet 6700 spectrometer
(USA) by applying the KBr-disk technique at the
Egyptian Chemistry Administration, Cairo, Egypt.
"H-NMR spectra were obtained using a Varian 300
MHz NMR instrument (USA) using DMSO as a
solvent and tetramethylsilane (TMS) as an internal
standard. Mass spectra were recorded using a Q
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1000 EX GC-MS Shimadzu spectrometer (Japan)
at 70 eV and 100 pA using a direct insertion probe.
'H-NMR spectra and mass spectra curves were
carried out at the Micro Analytical Center, Faculty of
Science, Cairo University, Giza, Egypt. Absorption
spectra were obtained with a PerkinElmer Lambda
4B UV-visible spectrophotometer.

Materials and Chemicals

The quality standards Daclatasvir (99.3%)
and Sofosbuvir (99.9%), as well as Mpiviropack®
(400 mg/tablet) and Daclaviroccyrl® (60 mg/tablet),
were sourced from Marcyrl Pharma (Egypt). Ferrion
indicator, sulfuric acid, and DMSO-d6 were obtained
from Merck (Germany), and cerium sulfate tetrahydrate
was purchased from Intrade GmbH (Germany). All
experiments were carried out using bi-distilled water.

Solutions

404 mg of cerium sulfate tetrahydrate was
dissolved using the minimum amount of 1.0 mol L
H,SO,. The resulting solution was transferred to a
100 mL volumetric flask and diluted to the mark with
the same solvent.

A stock solution of 1,10-phenanthroline
(0.1 mol L") was prepared by dissolving 198.0 mg in
dilute sulfuric acid in a 10 mL flask. A working solution
with a concentration of 10.0 mmol L' was then made
by adding sulfuric acid. A 10.0 mmol L' stock solution
of Fe(ll) was prepared from ferrous ammonium
sulfate hexahydrate, and a working Fe(ll) solution
with a concentration of 0.1 mmol L' was obtained
by dilution. The ferroin indicator, [Fe(Phen),]**, was
prepared by mixing 1,10-phenanthroline and iron (l1)
sulfate in a 3:1 molar ratio.

Stock solutions of 0.1 mol L' SOF and DCL
were prepared by dissolving 529 mg and 812 mg,
respectively, in ethanol and diluting to 100 mL with
doubly bi-distilled water.

The pharmaceutical formulations were
prepared by grinding ten tablets of mpiviropack®
and Daclavirocyrl® with a mortar and pestle. The
powder from one tablet was mixed with ethanol or
bi-distilled water and stirred vigorously to ensure
thorough mixing of the active ingredient. The
resulting precipitate was washed multiple times with
bi-distilled water to remove any unwanted solids.

Method for oxidative degradation of SOF and DCL
High concentrations of Ce(IV) were
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prepared with either DCL (0.8 g Ce(lV) with 0.08 g
DCL) or (0.5 g Ce(IV) with 0.05 g SOF) in a 1.0 mol
L H,80, acid medium. The mixture was heated
at 100°C for 25 min with stirring. After allowing the
precipitate to form overnight, it was washed with
methanol (for SOF) or distilled water (for DCL),
filtered, and stored in a desiccator.

Identification and clarification method for
oxidation product structure

Chemical characterization is essential
for studying materials. '"H-NMR spectroscopy is
commonly used to determine structure by analyzing
the relative configuration, coupling between
nuclei, and chemical shifts. IR spectroscopy helps
identify functional groups, bond lengths, and. Mass
spectrometry reveals molecular weight and fragment
masses. Combining these methods provides a
comprehensive understanding of a molecule's
structure. Ce(lV) concentrations with DCL or SOF
were prepared in an acid medium and heated,
resulting in precipitates that were washed and stored.

Spectrophotometric titration

One of the widely used processes for
Ce(IV) relies on the ability to oxidize and bleach the
ferroin indicator color. In this part, SOF and DCL
were added to excess Ce(lV) and then heated for
30 and 25 min for SOF and DCL, respectively, at
100°C then cooling for at least 5 minutes. The
residual Ce(lV) is determined by titration against
Fe(ll) in the presence of a ferroin indicator. The
endpoint was measured at A ___of ferrion 510 nm.

The oxidation-reduction equation of ferroin
is summarized as follows:

[Fe(Phen), ]**+e <> [Fe(Phen),]*
Red color Blue color

Fe(ll) forms an intense red color with the
indicator, whereas the oxidized Fe(lll) indicator
complex is pale blue.

The amount of SOF and DCL in the aliquot
was calculated using the following formula:

Where:

A: is the amount of Fe(ll) used in the blank titration,
in mL.

B: ml of Fe(ll) used in the sample titration.
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Mw: is the drug's relative molecular mass.

C: is the oxidant's molar concentration or intensity
in mol L.

n: is the quantity of Ce(IV) molecules that react with
each mole of SOF or DCL.

n=12 or 10 for SOF or DCL, respectively

Statistical formulas and evaluation of the
experimental results

The statistical formulae used in this thesis
can be summarized in the following sections.

Arithmetic mean

It is a criterion used to compare replicate
results in analytical experiments. The arithmetic
mean is an average value (usually abbreviated to
the mean). It can be calculated using the following
formula:

Where = arithmetic mean
2(x)) = sum of the individual values
n = number of observed measurements

Standard deviation (SD)

A more useful measure, which utilizes all
the values, is the standard deviation, SD, which is
defined as follows:

Where: SD = standard deviation

2, (x,- )? = Sum of the squared deviation of
individual value of varieties from the mean of the
series n-1 = degree of freedom for sample

Standard error (SE)

The sampling distribution of the mean is
the distribution of all possible sample means. It has
the same mean as the original population and its
standard deviation is the standard error of the mean
(SEM), which is related to the standard deviation
(SD) of the individual measurements.

This parameter measures the statistical
reliability and accuracy of the arithmetic mean by
showing how much it would change with additional
observations.
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Test of significance
The F-test

This test compares the standard deviations
of the two methods to see if there is a significant
difference. F is calculated using the squared
standard deviations.

Where: SD,>> SD,? There are v, and v,,
two different degrees of freedom, where degrees of
freedom are defined as (n-7) for each case. If the
calculated F value from equation the above equation
exceeds the tabulated F value at the selected
confidence level, then there is a significant difference
between the variances of the two compared methods.

The Student’s t-test

This test compares replicate measurements
from two different methods. A statistical t value is
calculated and compared to a tabulated value at a
specific confidence level. If the calculated t value is
higher, there is a significant difference between the
methods. Otherwise, there is no significant difference.
The t value is calculated using the equation:

Where x, is the mean of a set containing n,
observations, x, is the mean of n, values comprising
the other set, and Sp is the pooled standard deviation
of the individual measurements calculated using the
following equation:

Molecular

m/z: 378.06

[ @—&OJ

m/z: 178.04
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[ Q‘“‘J

m/z: 137.05
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Where x,, and x,, are the individual values in each set.
When n, = n, = n, then.

RESULTS AND DISCUSSION

Structural elucidation of the oxidative products
Mass Spectra

The spectra clearly show that the molecular
ion peak of sofosbuvir was found and manifested at
m/z 526.81. This research is comparable to a prior
investigation on the oxidation of SOF with H,O, at
room temperature, Fig. 1. The values of m/z of the
product fragments were found at 378, 286;270; 178;
137; and 97 (Scheme 1).
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Fig. 1. Mass spectrum of sofosbuvir’s oxidation product
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Scheme 1. The expected fragmentation of Sofosbuvir’s oxidation product
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Yande Huang et al., studied the oxidative
degradation of DCL's imidazole moiety under
forced conditions. The degradation was tested
in a 0.3% H,O, solution at room temperature for
7 days. Degradation products were identified after
exposing the DCL solution to high-intensity light or
UV radiation.?82%

The empirical formula of the oxidation
product of DCL with Ce(IV) was determined through
mass spectrometry, IR, and 'H-NMR spectroscopy
in this study. Mass spectrometry analysis revealed
a molecular ion peak at m/z 772.0 for the oxidation
product of daclatasvir. The product fragments were
observed at m/z values of 738.27, 722.56, 564.53,

459.62, 388.02, 234.37, 209.02, 198.35, 182.88,
168.33, and 154.2.
100
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Fig. 2. Daclatasvir’s oxidation product mass spectrum
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Scheme 2. Daclatasvir’s oxidation product expected fragmentation

FTIR studies

During the survey, it was unable to find
any published research on evaluating SOF and
DK using FTIR. Upon the experimental study SOF
demonstrates characteristic bands at 3354 cm
(N-H stretch), 3249 cm™ (enol O-H stretch),
3090 cm" (=C-H stretch, asymmetric), 2938 cm™’
(C-H stretch aromatic, symmetric), 2985 cm™
(C-H stretching (CH,), asymmetric), 2911 cm"'

(C-H stretching (CH,), symmetric), 1718 cm™'
(C=0 stretch (ester)), and 1676 cm™ (C (P-O-R
stretch). Separated SOF oxidation products were
analyzed by FTIR to gain a better understanding
of what occurs during oxidation. The scanning was
captured. Compared to the pure form, the function
groups of the oxidation product of SOF exhibit
bands at 3604 cm™ for the N-H amide group and
3453 cm' for the O-H stretching group. As a result
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of its attachment to Phosphorus, the stretching of
the O-H group shifted to a higher frequency, while
the =C-H and C-H peaks at 2,850 and 2,104 cm-,
respectively, shifted to lower frequencies. The peak
of C-N stretching at 1542 cm™ has been shifted to a
longer wavelength. The bands due to N-P=0 and C-F
frequencies, which were present in the IR spectrum
of the pure form of SOF, disappeared in the spectrum
of the oxidation product, while P-O-R remained with
a slight drift, validating the proposed structure of the
oxidation product. Figure 3(A).

Figure 3 (B) shows the FTIR spectral
bands of pure DCL and its oxidation product to
show the changes accompanying the important
bands. Characteristic bands for DCL appear at
3382 cm™ (N-H stretch), 3150 cm™ (=C-H stretch
asymmetric), 2962 cm™ (C-H stretch (CH,)),
2928 cm (C-H aromatics symmetric), 2871-2361
cm™ HCI, 1726 cm™ (C=0 stretch (ester)), 1644 cm™'
(C=0 amide), 1525 and 1494 cm™ (C=C stretch
aromatic ring), 1211 cm™ (C-N stretching), and
1193 cm™ (C O stretch). The characteristic bands
of the DCL oxidation product show some changes,
where the N-H amide group appears at 3406 cm™'
with a small shift to high frequency, the =C-H and
C-H stretch were shifted to a low wavenumber, and
the carbonyl starching of ester and imid groups
appeared together as one peak at (1688 cm™).

Fig. 3. FTIR Spectra Sofosbuvir and its oxidative
product (a) and Daclatasvir and its oxidative product

'H-NMR Studies
The oxidation product's molecular structure
was determined using 'H-NMR spectroscopy.
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The assignments of the 'H-NMR spectra for the
pure and oxidation products of SOF are shown in
Table 1. Pure SOF's '"H-NMR spectrum exhibits a
singlet peak at 10.0 ppm attributed to imid proton,
doublet peak at 9.6 ppm attributed to 1-ethylene,
peaks at 6.1, 4.4, and 3.83 ppm attributed to
tetrahydrofuran protons, peak at 4.93 ppm attributed
to methane proton, peak at 4.28 ppm attributed to
methylene proton, peaks at 7.18-7.28 attributed to H
benzene ring, Fig. 4. The signal due to the -OH group
attached to the P-atom after oxidation is what causes
the signal at 11.98 ppm in the 'H-NMR spectrum of
SOF oxidation product. The signal due to the -NH
imid group has the same shift at 10.0 ppm as the
pure form. The signals due to H 1-ethylene at 9.62
ppm slightly shifted to 9.23, and aromatic protons
were present at the same shift.

Fig. 4. 'H-NMR spectra for Sofosbuvir (a), and its oxidative
product

Table 1: 'TH-NMR spectral data of Sofosbuvir
(SOF) and its oxidation Product with Ce(IV)

Assignment Chemical shift & (ppm)
Pure SOF Oxidation product SOF
1H/NH imid 10.0 10.0
1H/NH amine 2.0 -
1H/OH alcohol 3.58 11.98
3H/CH tetrahydrofuran 3.83, 4.40, 6.11 -
6H/CH 1-benzene 7.18-7.28 7.18-7.28
2H/CH, methylene 4.0-4.28
2H//CH methane 3.63-4.93
9H/CH, methyl 1.28-1.47
2H/1-ethylene 5.76 and 9.62
1 H/CH 2-furan - 6.3
3H/CH, methyl - 1.93
2 H/1-ethylene 5.76 and 9.23
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"H-NMR spectra were recorded for the
DCL and its oxidative product. Their assignments
are listed in Table 2. The 'TH-NMR spectrum of DCL
shows a singlet peak at 13.0 ppm assignable to
NH imidazole proton, protons of benzene rings at
7.85-8.3 ppm, chemical shifts due to imid (NH)
protons were found at 8.03 ppm, imidazole CH
signals at 7.35 ppm, the triplet at 4.7 ppm due to
CH of pyrrolidine, the methine C-H show doublet
at 4.5 ppm, 6H of CH, methyl at 3.6 ppm, 2H of
CH methine at 2.6 ppm and 12H of CH, methyl at
0.9 ppm, Figure 5.

The 'H-NMR spectrum for DCL oxidation
product shows two main differences from DCL, a
singlet peak at 11.0 ppm assignable to NH imidazole
proton shifted to a higher field compared to pure
form, the intensity of signal at 7.35 ppm for 'H of
imidazole CH was lowered.

Fig. 5. 'HNMR spectra for pure Daclatasvir
(a) and its oxidation product with Ce(IV) (b)

Table 2: 'TH-NMR spectral data of Daclatasvir
and its oxidative product with Ce(IV)

Assignment Chemical shift 8 (ppm)
Daclatasvir Oxidation product

1H/NH imidazole 13 11

1H/CH imidazole 7.35 7.35 (low intensity)
4H/CH 1-benzene 8.3 8.3

2H/NH second amide 8.03 8.03

4H/CH 1-benzene 7.85 7.85

2H/CH pyrrolidine 4.7 4.7

2H/CH methane 4.5 4.5

6H/CH, methyl 3.6 3.6

2H/CH methine 2.6 2.6

12H of CH, methyl 0.9 0.9

Quantification of both drugs in pure and
pharmaceutical formulation

Tested solutions with concentrations of
21.0,10.8, and 5.2 pg and 14.70, 22.17, and 29.55
pg of SOF and DCL were analyzed. The recovery
values were 96.19%, 98.42%, and 100.38% with
standard deviation percentages of 0.88%, 0.75%,
and 0.37%, respectively (Table 3).

Method Validation

The developed methods were validated
against a previously published method?. Intra-day and
between-day precisions for SOF and DCL were less
than 1.0%. Accuracy was assessed by percentage
recovery and precision by standard deviation. Results
indicate high accuracy and precision in estimating
SOF and DCL in dosage forms. The suggested
methods were compared to reference methods using
variance ratio F-test and student t-test, showing no
significant differences. The suggested methods had
higher recovery rates and were unaffected by tablet
matrix. These methods are recommended for routine
analysis in drug quality control labs.

Table 3: Spectrophotometric titration of Sofosbuvir and Daclatasvir in pure form and pharmaceutical
formulations

Taken (ug) Found (pg) %Recovery*+SD% Taken (pg) Found (pg) %Recovery*+SD%
Sofosbuvir Daclatasvir

Pure Sofosbuvir Pure Daclatasvir

21.0 20.2 96.19 + 0.88 14.70 14.65 99.60 + 0.90
10.8 10.63 98.42 + 0.75 2217 22.21 100.18 + 0.62
52 5.22 100.38 + 0.37 29.55 29.64 100.30 + 0.87
Mpiviropack tablet (400 mg/tablet) Daclavirocyrl®

21.0 21.9 104.25 + 0.62 14.70 14.57 99.11 £ 1.30
10.8 10.53 97.50 + 0.71 2217 21.86 98.60 + 1.29
5.2 5.4 103.85 + 0.44 14.70 14.65 99.60 + 0.90

*: Average of five measurements.
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Table 4: Inter-and Intra-days precision of the determination of Sofosbuvir and Daclatasvir using ferrion

Inter Day Intra Day
Taken pg mL'  Found pg mL' Recovery*+SD% t-test F-test Found pygmL' Recovery*+SD%  t-test F-test
Sofosbuvir 21.00 20.50 97.62+0.88 212 1.38 20.80 99.05 +0.45 1.92 1.99
5.20 5.30 101.92+0.47 232 1.01 5.13 98.65+0.33 1.52 2.32
Daclatasvir 14.70 14.62 99.45+0.48 266 1.20 14.52 98.77+0.79 1.12 1.88
22.27 22.06 99.50+0.87 212 152 22.23 100.27+0.11 1.53 2.42

*: Average of five measurements.

The tabulated t-test at 95% confidence limit is 2.78, and the tabulated F-test 0.05) is 6.388

CONCLUSION

This study examined the degradation of
sofosbuvir and daclatasvir in an acidic medium using
cerium (IV). The results showed that both Hepatitis
C drugs are susceptible to oxidative conditions.
A spectrophotometric method was developed to
detect the drugs in pure and pharmaceutical forms,
offering high sensitivity, cost-effectiveness, simplicity,
repeatability, and reproducibility (RSD%<1.0). The
recovery rates ranged from 96.19% to 100.38%,
with standard deviation percentages between 0.37

and 88.0%. This method is valuable for quality
control analysis of sofosbuvir and daclatasvir in
pharmaceutical preparations, free from interference
by common additives.
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