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Abstract: The development of analytical procedures capable of simultaneous determination of two or
more drugs is in crucial demand due to the availability of different formulations that are composed
of different APIs. The presented study aimed to optimize and validate a simple, accurate, and
sensitive UPLC analytical method for the simultaneous determination of thymoquinone (TQ) and
Glibenclamide (GB) using response surface methodology, and apply this method in pharmaceutical
formulations. A 3 full design of experiment was utilized to study the impacts of the independent
parameters (acetonitrile ACN concentration, A; and column temperature, B) on the drugs” analytical
attributes (viz, retention time, peak area, and peak asymmetry, in addition to the resolution between
TQ and GB peaks). The results revealed that the independent parameters exhibited highly significant
(p < 0.05) antagonistic effects on retention times for TQ and GB peaks, in addition to the agnostic effect
on GB peak symmetry (p-value = 0.001). Moreover, antagonistic impacts (p < 0.05) on the resolution
between TQ and GB peaks were found for both independent factors (A and B). The statistical software

EP;)edcgtfgsr suggested 46.86% of ACN (A) and 38.80 °C for column temperature (B) for optimum analytical
Citation: Alshora, D.H.; Ibrahim, responses. The optimized green method was discovered to be acceptable in terms of selectivity,
M.A; Sherif, A.Y. Optimization and precision, accuracy, robustness, sensitivity, and specificity. Moreover, the optimized simultaneous
Validation of Sensitive UPLC-PDA method was successfully able to determine the contents of TQ and GB in self-nanoemulsifying drug
Method for Simultaneous delivery (SNEDD) formulation, in which the results showed that GB and TQ content within the

Determination of Thymoquinone and
Glibenclamide in SNEDDs

Formulations Using Response

prepared formulations were 1.54 £ 0.023 and 3.62 + 0.031 mg/gm, respectively. In conclusion,
the developed assay was efficient and valid in analyzing TQ and GB simultaneously in bulk and

) self-nanoemulsifying drug delivery system (SNEDDs) formulations.
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Published: 19 November 2023 Diabetes is one of the most common chronic metabolic disorders that significantly

affects the quality of patients’ lives [1]. Therefore, various types of therapeutic molecules

have emerged in the clinical setting for the treatment of diagnosed patients. Among them,
:)4

Glibenclamide (GB) is a hypoglycemic agent that is regularly prescribed by physicians
orally for the treatment of type II diabetes [2]. Recently, various types of herbals have been
used in adjunctive with oral hypoglycemic agents to enhance therapeutic outcomes [3,4].
Nigella sativa plant contains variable amounts of phytochemicals that produce differ-
ent beneficial effects on the quality of life [5]. Thymoquinone (TQ) is a well-known active
substance that exerts different pharmacological effects including antidiabetic effects. In this
creativecommons.org/licenses /by / regard, sixteen clinical studies revealed that continuous Nigella sativa intake significantly
140/). reduced blood glucose (BG) levels [6]. Furthermore, various in vivo studies revealed that
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TQ protected the animals from common complications of diabetes such as cardiac myopa-
thy [7], chronic kidney diseases [8], liver damage [9], and reproductive dysfunction [10].
This reported beneficial pharmacological action of TQ is attributed to the increment in the
total antioxidant capacity [11,12].

Several clinical studies showed the synergistic effects of combining Nigella sativa
(plant root of TQ) with other antidiabetic drugs or metformin. In a participant-blind study,
the patients were administered 2 gm of Nigella sativa concomitant to their oral antidiabetic
drug daily for 1 year. The results showed a significant reduction in the level HbAlc and
glutathione and thiobarbituric acid reactive substances (TBARS) as well as a significant rise
in the level of antioxidant capacity [13,14]. Moreover, it was also observed that a reduction
in LDL-cholesterol and triglycerides occurred [15].

The proposed combination (GB + TQ) has a variable limitation before it can be trans-
ferred to clinical practice. GB belongs to class II based on a biopharmaceutical classification
system (BSC) with reported low drug bioavailability owing to its restricted drug solubil-
ity [13]. Therefore, there is a demand to increase GB solubility utilizing the previously
established drug delivery systems. Inter alia, self-nanoemulsifying drug delivery system
SNEDDS has been utilized to enhance the dissolution and bioavailability of lipophilic
drugs [16]. It is usually composed of oil in addition to a surfactant and cosurfactant mixture
to achieve this purpose [17]. From these perspectives, an oil extract from the Nigella sativa
plant, called black seed oil (BSO), could be employed not only to fabricate SNEDDS but
also to combine GB and TQ in a single formulation [18].

Several analytical methods have been utilized to analyze GB and TQ separately.
Hagq et al. [19] developed a green analytical method using a mobile phase of ethanol:
methanol (50:50) to analyze GB in the SNEDD formulation as well as in a marketed product.
Another sensitive and valid green UPLC method was developed by Ibrahim et al. [20].

A valid, simple, and sensitive HPLC method was developed to detect TQ in N. Sativa
extract, a marketed product by egbal et al., 2013 [21]. TQ was eluted after 3.3 min using
acetonitrile/phosphate buffer (40:60) as a mobile phase and detected by a fluorescence
detector. A UPLC-PAD analytical analysis for the determination of TQ in N. sativa was
also developed [22].

One simultaneous analytical method was developed to analyze GB and TQ in rat’s
plasma [23]. The system condition is composed of methanol, acetonitrile, and potassium
dihydrogen phosphate buffer (50:20:30).

In the present study, design of experiment (DOE) was utilized to develop a validated
UPLC method for quantification of GB and TQ in the proposed formulation in terms of
retention time (RT), peak area, resolution, and peak symmetry. Moreover, the developed
method was utilized to assess its suitability for quantification and separation of both drugs.
Finally, GB and TQ concentrations were determined in the prepared SNEDDS formulation.

2. Materials and Methods
2.1. Materials

Thymoquinone (TQ) was purchased from Sigma-Aldrich (St. Louis, MO, USA). Gliben-
clamide (GB) was obtained from SPIMACO (Qassim, Saudi Arabia). Formic acid > 98%
was obtained from SIGMA-ALDRICH (Steinheim, Germany). HPLC-grade methanol was
obtained from Riedelde Haén Laboratory Chemicals (Selzer, Germany). Black seed oil
(BSO) was purchased from Wadi Al-Nahil Investment Group (Riyadh, Saudi Arabia). Kol-
liphor EL (K-EL) was acquired from BASF (Ludwigshafen, Germany). Transcutol® P (TC-P)
was acquired from Gattefossé (Lyon, France). Span-80 (S-80) was purchased from Merck
(Darmstadt, Germany).

2.2. Design of Experiment (DoE)

To optimize and study the impact of the independent analytical parameters on the
simultaneous determination of GB and TQ analytical attributes, a 3? full design of the
experiment was applied. The effects of the two independent factors were acetonitrile (ACN)
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concentration in the mobile phase (A) and column temperature (B); the analytical attributes
(responses) were retention time, peak area, and peak asymmetry for both APIs, in addition
to the resolution between TQ and GB peaks, as shown in Table 1. Data analysis was carried
out by using Design Expert® Software.(version 11) Based on statistical design, 9 analytical
runs were created based on variation of ACN concentration with column temperature.

Table 1. Statistical design for analytical procedure of TQ and GB using UPLC.

Independent Factors Level Dependent Factors (Response)
-1 0 +1

Y1: Retention time (min)

A ACN (%) 40 ° 50 TO Y2: Peak area (mAU/min)
Y3: Peak Asymmetry
Y4: Resolution between TQ and GB peaks

B: Temperature (°C) 20 30 40 Y5: Retention time (min)

GB Y6: Peak area (mAU/min)

Y7: Peak Asymmetry

2.3. UPLC Analytical System and Conditions

The experimental protocols for simultaneous analysis of RQ and GB were employed
with a highly sensitive UPLC system (Ultimate 3000® binary solvent manager) that was
equipped with an automatic sampler and a Photodiode Array (PDA) detector. The analyti-
cal separation of the two compounds was accomplished by reverse-phase isocratic elution
by using a mobile phase composed of different ACN concentrations (40, 45 and 50% ACN
mixed, respectively with 60, 55 and 50% of water containing 0.1% formic acid) and differ-
ent column temperatures according to the previously mentioned statistical design. The
elution flow rate through an Acquity® UHPLC column HSS C18 (2.1 x 50 mm, 1.7 um) was
0.3 mL/min. The analytical separation of TQ and GB was carried out at wavelengths of
256 nm and 228 nm, respectively, and the total run time was 10.0 min.

2.4. Optimization of UPLC Conditions for GB Analysis

Based on the statistical analysis of all tested responses (dependent factors), the pro-
cedure of optimizing the analytical conditions for the simultaneous separation of the two
APIs was established based on the analytical desirability criteria. These criteria included
minimum retention time and maximum peak area in the range of peak asymmetry (0.8-1.2)
for both TQ and GB. In addition, the resolution between the first TQ peak and the second
GB peak was selected as optimum when it is in the range of 2—4, providing a clear separa-
tion of the two peaks. The values of those parameters will be compared with the predicted
values obtained from the software.

2.5. Preparation of Standard Stock Solution, Calibration and Quality Control Samples

Stock working solution of the two APIs containing 500 ppm of each analyte was made
by dissolving 50 mg of TQ and 50 mg of GB in 100 mL of methanol, from which serial
dilutions (1-50 ppm) were prepared in methanol. Each analyte concentration was analyzed
by triplicate injection of the sample. The measured peak area of each analyte was plotted
against the corresponding concentration to acquire the standard calibration curve, and
the resembling regression equations were derived. Validation samples have been selected
within the range (2-50 ppm) as a low, intermediate and high concentration 2, 20, 50 ppm.

2.6. UPLC Analytical Validation

To demonstrate the suitability of the developed analytical procedure, different val-
idation characteristics, including accuracy, precision, linearity, limit of detection (LOD),
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limit of quantification (LOQ), and robustness, were tested according to the International
Conference of Harmonization (ICH Q2 R1) [24].

2.6.1. Linearity

The linearity was investigated by performing a calibration curve for GB and TQ. The
calibration curves were constructed from 0.5 to 50 ppm. A triple run was carried out
and the average peak area was plotted against the drug concentration to estimate the line
equation [24-26].

2.6.2. Accuracy and Precision

Accuracy or trueness describes the closeness between the values in comparison to
the standard. The accuracy was detected by calculating the % recovery. The precision of
the analytical procedure is considered at two levels, intraday and inter-day. In intraday
precision, 3 levels of concentrations for both GB and TQ (low (0.5, and 1 ppm), medium
(20 ppm), and high level of 50 ppm were injected in triplicate at 3 different times on the
same day. For inter-day precision, the samples were injected at 3 different days. The
suitability of the results was determined by calculating the RSD. RSD should be no more
than 2% [25].

2.6.3. Limit of Detection (LOD) and Limit of Quantification (LOQ)

LOD and LOQ were specified using the standard deviation and slope method as per
the following equation [17].

LOD — 3.3 x SD
slope

LOQ = 10 x SD
slope

2.6.4. Robustness

To demonstrate the reliability of the developed analytical assay, the impact of some
critical and tiny changes in the analytical condition was made. These changes include
changes in the flow rate (0.28 to 0.32 mL/min) and the absorbance wavelength was 254 to
258 for TQ and 226-230 nm for GB. The effect was determined in terms of peak area, and
retention time.

2.7. Preparation and Characterization of SNEDDS

Drug-free SNEDDS formulation was prepared using K-EL, S-80, TC-P, and BSO
(3:2:2:3). Regarding drug-loaded SNEDDS formulation, an excess amount of GB was
mixed with drug-free SNEDDS formulation. After 24 h, the mixture was centrifuged at
10,000 rpm for 5 min and the supernatant was transferred to another microcentrifuge tube.
Drug-free as well as drug-loaded SNEDDS formulations were placed in 25 mL plastic
containers and then diluted using deionized water (1:1000). To enhance the formation
of SNEDDS, they were subjected to mixing using magnetic stirring for 5 min. The ob-
tained dispersion system was evaluated utilizing a Zetasizer (Model ZEN3600, Malvern
Instruments Co., Worcestershire, UK) to measure the particle size of SNEDDS formulations.

Determination of Drug Content

Based on a previously reported study, the concentration of GB and TQ within the
prepared drug-loaded SNEDDS formulation was determined. The precise weight of for-
mulation was measured within 2 mL Eppendorf, diluted with 1.8 mL acetonitrile, and
then subjected to sonication for 15 min. Following that, the solution was diluted prop-
erly to measure drug concentration based on the calibration range using the developed
UPLC method.
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3. Results
3.1. Effect of Independent Factors on Retention Time (RT)

The effect of independent analytical parameters on the analytical responses of TQ and
GB is shown in ANOVA Table 2 and the Pareto standardized chart in Figure 1. Concerning
retention time, both individual parameters showed highly significant antagonistic effects
on the RT of both analytes. The p values of the effect of ACN and column temperature on
TQ retention time were <0.0001 and 0.0006, respectively, while these values were <0.0001
and 0.007 on GB, respectively, for ACN and column temperature. Also, the quadratic effect
of ACN (A?) and interactive effects of the independent parameters showed significant
agonistic actions on the retention time of the TQ peak.

Table 2. ANOVA data for the effects of independent analytical parameters on the analytical responses
of TQ and GB.

Response RT Peak Area Assym. Resolution
TQ
Source p Values F Value p Values F Value p Values F Value p Values F Value
A-ACN <0.0001 1810.31 0.6974 0.1833 0.0895 6.14 <0.0001 1417.62
B-Temperature 0.0006 246.45 0.2073 2.57 1.0000 0.0001 0.0166 23.64
AB 0.0131 28.18 0.4019 0.9485 0.6093 0.3236 0.0696 7.67
A? 0.0127 28.74 0.3644 1.14 0.7444 0.1278 0.0105 33.00
B2 0.0752 717 0.0569 9.10 0.8695 0.0320 0.2152 2.45
Model p value 0.0002 (significant) 0.2141 (insignificant) 0.435 (insignificant) 0.0003 (significant)
GB
Source p Values F Value p Values F Value p Values F Value p Values F Value
A-ACN <0.0001 875.92 0.9697 0.0017 0.0001 658.29 <0.0001 1417.62
B-Temperature 0.0070 44.06 0.9596 0.0030 0.0041 64.29 0.0166 23.64
AB 0.0324 14.30 0.9283 0.0095 0.5594 0.4286 0.0696 7.67
A? 0.0076 41.26 0.3387 1.29 0.1612 343 0.0105 33.00
B2 0.2018 2.65 0.4166 0.8836 0.4228 0.8571 0.2152 2.45
Model p value 0.0006 (significant) 0.8038 (insignificant) 0.0009 (significant) 0.0003 (significant)

The equation of the proposed model is TQ retention time = 20.4688 — 0.606367 ACN
— 0.134967 Temperature + 0.00491333ACN? + 0.00172 ACN.Temprature + 0.000613333
Temprature?.

Moreover, quadratic effects (A2 and Bz) and interactive effects of the independent
parameters showed significant agonistic actions on the GB peak retention time.

The equation of the proposed model is GB retention time = 86.7402 — 3.05267ACN —
0.408567 Temperature + 0.0278667ACN? + 0.0058 ACN.Temperature + 0.00176667 Temperature?.

The contour plots (Figure 2) describe the range of the retention times values for both TQ
and GB based on the levels of ACN and column temperature applied. The results indicated
that the shortest retention times for TQ and GB (1.45 min and 1.79 min, respectively) were
recorded in the case of applying the highest ACN concentration (50%) along with the
highest column temperature (40 °C), as shown in Table 3.



Separations 2023, 10, 577

60of 17

TQRT TQ peak Area TQ peak Asymmetry
A: ACN [ | 88 |l | aacn ]
B: Temperature| L[] B: Temperaurd ] a8 ]
a (1) a [ a0
A8 (1) a8 [ 68 ([J
BB D A: ACN D B: Tempemlurel
0 10 20 30 40 50 0 1 .2 4 0 1 2 3 4
Standardized effect Standardlzedefﬁact Standardized effect
A: ACN :::l |
AA .
B e E] TQ-GB peaks resolution
a8 |
88 |(]
0 10 20, 30 40
Stangardizedeﬁect
GBRT GB peak Area GB peak Asymmetry
A: AN || m (] A: ACN | I
B: Temperature E:I BB :I B: Temperature [::
m (T a8 |0 a0
AB B: Temperature [l BB []
88 |[J A: AcN || 18]
0 5 10 15 20 25 30 o 1 2 3 4 0 30
Standardized effect Standardized effect StSa ndlfrd?:ejgﬁsft
O+ -

Figure 1. Pareto charts for the effect of independent factors on TQ and GB analysis.

Table 3. The analytical responses for simultaneous separation of TQ and GB UPLC.

A B TQ GB
Run  ACN  Temp. Retention Peak Area Peak Peaks Res-  Retention Peak Area Peak

(%) O Time (min) (mAU/min) Asymmetry olution Time (min) (MAU/min) Asymmetry
1 40 30 271+005 6145+43 1.08+001 86+£0035 573£0.07 2485+521 1.03+0.04
2 45 30 1982+0.04 6201+£321 111+£0.07 4154+002 317+£006 2481+218 1.1540.03
3 40 40 2444007 6271+281 1.09+£0.02 792+018 501+£0.02 2410+484 1.03+0.05
4 50 30 159 £0.06 63.08+371 115+001 19+005 1974003 2345+341 1.19=£0.01
5 50 40 145+0.03 63.07+£271 114+£002 168+006 1.79+0.02 2415+274 1.2+£0.01
6 40 20 315+0.02 6321+415 1.1+£001 986+0.15 674+£0.07 2408+189 1.01+0.01
7 45 40 184 +£0.03 6278+287 114+£0.03 396+0.07 283+004 23.74+271 1.14+0.03
8 45 20 291+008 6321+342 1154+0.05 484+011 356+£0.09 2393+281 1.09=+0.02
9 50 20 176 £0.09 6274+418 115+0.01 208+£021 2184015 2415+1.89 1.16=+0.01
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Figure 2. Contour plot for the effect of the independent factors on TQ and GB analysis.

3.2. Effect of Independent Factors on Peak Area

The statistical data showed that none of the independent analytical parameters (ACN;
A, and column temperature; B) exhibited significant actions on the peak area of TQ and
GB UPLC chromatograms, as shown in Table 2 and the Pareto standardized chart in
Figure 1. However, the quadratic and individual effects of column temperature showed
the agonistic but insignificant effect of the TQ chromatogram peak area. The statistical
equation of independent parameters effects on TQ peak area is TQ Peak area = 90.3631
— 1.01517 ACN — 0.551417 Temperature + 0.0100667ACN? + 0.00325 ACN.Temperature
+0.00711667 Temperature?. Moreover, the quadratic effects of ACN and column tempera-
ture (A2 and B?) exerted antagonistic but also insignificant effects of the GB chromatogram
peak area and the statistical equation of independent parameter effects on GB peak area
is GB peak Area = —79.4597 + 4.3385 ACN + 0.660583 Temperature — 0.0476667 ACN?
— 0.00145 ACN.Temperature — 0.00986667 Temperature?.

3.3. Effect of Independent Factors on Peak Symmetry

The impact of independent factors on the peak symmetry of the two APIs is shown
in ANOVA Table 2 and the Pareto standardized chart in Figure 1. ANOVA data showed
that the independent parameters and their interactive as well as quadratic effects did
not exhibit significant action on TQ chromatogram symmetry (p values were higher than
0.05), but ACN concentration showed a slightly insignificant agonistic effect on the drug
chromatogram symmetry (p = 0.0895). The statistical equation of independent parameters
effects on TQ peak asymmetry is TQ peak Asymmetry = 0.168611 + 0.0338333 ACN + 0.00475
Temperature — 0.000266667ACN? — 0.00015ACN.Temperature + 0.0000333333 Temperature?.

In contrast, in regard to the GB peak, the individual independent parameters (A and
B) showed highly significant agonistic impacts on drug peak symmetry (peak values were
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0.0001 and 0.004, respectively). The contour plot in Figure 2 revealed that the high values
of peak asymmetry were observed in the case of using high column temperature and
high ACN levels, while low peak symmetry values were detected in the case of using
the lowest level of independent values. The statistical equation of independent param-
eters effects on GB peak asymmetry is GB peak Asymmetry = —0.395833 + 0.0505ACN
— 0.00275 Temperature — 0.0004.ACN? + 0.00005 ACN.Temperature +0.00005 Temperature?.

All symmetry values for both TQ and GB peaks were found in the range of 1.08 to 1.2,
which are in the acceptable range of peak symmetry, 0.8-1.2 [27].

3.4. Effect of Independent Factors on the Resolution between TQ and GB Peaks

The effects of independent analytical parameters on the resolution between the first TQ
peak (around 1.6 min) and the second GB peak (around 2.2 min) are illustrated in ANOVA
Table 2 and the Pareto standardized chart in Figure 2. Both individual independent factors
(ACN and column temperature showed antagonistic effects on the resolution between the
two peaks (p values were <0.0001 and 0.0166, respectively), in addition to the antagonistic
quadratic effect of ACN; A2 (p-value = 0.011). The statistical equation of independent pa-
rameters effects on the resolution between TQ and GB peaks is Resolution TQ and GB peaks
=116.883 — 4.014 ACN — 0.457 Temperature + 0.0352 ACN? + 0.006 CAN.Temperature
+0.0024 Temperature?.

The recorded values of peak resolution were found between 1.68 and 9.86, which
depends on the analytical independent factors. The lowest resolution (1.68) was observed
in the case of applying the highest ACN concentration (50%) along with the highest column
temperature (40 °C), while a high peak resolution value was recorded in the case of using
the lowest ACN concentration (40%) along with lowest column temperature (20 °C), as
shown in the contour plot in Figure 2.

3.5. Optimization of UPLC Conditions for Simultaneous Analysis of TQ and GB

Based on the data of statistical analysis for the impacts of independent analytical
parameters (ACN, A, and column temperature; B) on the analytical responses of TQ and GB
UPLC chromatograms, the optimized analytical conditions were recommended based on
the following desirable criteria: minimum retention time, maximum peak area, in the range
peak symmetry (0.8-1.2) and in the range resolution between peaks (2—4). The optimum
conditions of the analysis of TQ and GB chromatograms, as well as the predicted and
observed analytical values are listed in Table 4 and Figure 3. The obtained values for
observed responses were in accordance with the response surface methodology data for
the effects of ACN and column temperature on the analytical responses, as mentioned in
the statistical analysis of each dependent parameter.

Table 4. The optimum conditions for the analysis of TQ and GB chromatograms using UPLC
comparing the predicted and observed analytical values.

Optimized Independent Response
Parameters Type Desirability Predicted Observed
Y4: Retention time (min) Minimum 1.66 1.67 £ 0.004
Y5: Peak area (mAU/min) Maximum 60.13 59.13 £ 0.042
ACN (A): 46.86% TQ
Y6: Peak Asymmetry Minimum 1.13 1.13 £ 0.01
Y7: Peak Resolution In range 24 2.87 292 £ 0.013
Y1: Retention time (min) Minimum 224 2.33 £ 0.008
g;?g Séature B): GB Y2: Peak area (mAU/min) Maximum 27.31 26.26 + 0.0.064

Y3: Peak Asymmetry Minimum 1.15 1.16 4 0.006
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40 50 20 40 1.763 651
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26.16 2994 099 12 1437 3.02
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Solution 1 out of 2

Figure 3. Suggested optimized conditions with predicted value of TQ and GB peak characterization.

For the optimum analytical responses, the statistical software suggested 46.86% of
ACN (A) and 38.80 °C for column temperature (B) (Figure 4). Therefore, the mobile
phase of the optimized analytical condition is composed of 46.86% ACN mixed with
53.14% water containing 0.1% formic acid. The results indicated that for the TQ chro-
matogram, the observed analytical responses were 1.67 & 0.004 min for retention time,
59.13 £ 0.042 mAU/min for peak area, and 1.13 &+ 0.01 for peak symmetry, which are
closely near to the predicted values of the measured responses (1.66 min, 60.13 mAU/min
and 1.13, respectively). Regarding the GB chromatogram, the detected values for an-
alytical responses were also close to the predicted values, in which 2.33 + 0.008 min,
26.26 & 0.0.064 mAU/min, and 1.16 & 0.006, respectively, were observed for retention time,
peak area, and peak symmetry value. Moreover, the observed value for the resolution
between TQ and GB chromatograms was 2.92 & 0.013, which is close to the expected value
(2.87). The optimization procedures revealed that analytical conditions based on using high
concentrations of ACN along with raised column temperature exhibited short retention
times, high peak area values, and in-range asymmetry values for both TQ and GB, in
addition to having minimizing effects on the resolution between peaks.

The obtained chromatogram from the optimized condition is represented in Figure 4.
The peaks were sharp with no tailing. TQ was eluted at 1.67 min while GB was eluted at
2.33 min. A peak asymmetry of less than 1.2 is considered acceptable. The calculated and
reported peak asymmetry was 1.13 for TQ and 1.16 for GB.
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Figure 4. UPLC chromatograms for TQ and GB eluted with the optimized condition of 46.86%
acetonitrile at a column temperature of 38.8 °C.

3.6. Validation Method
3.6.1. Linearity

The instrument response to different concentrations of the API was determined by
constructing a peak area—drug concentration curve (standard calibration curve). The
calibration curve for TQ was linear in the range of 0.5-50 ppm (Figure 5A). Using the
regression analysis, the correlation coefficient is equal to 1 and the goodness of fit is
described by the following equation: y = 1.1818x — 0.1191. The linearity of data was also
determined using the residual plot. The figure shows that the points are scattered randomly
around the zero-line, indicating a linear model.

For GB, the standard calibration curve was carried out in a range from 0.5 to 50 ppm
(Figure 5B). The correlation coefficient (%) obtained from the regression analysis is equal to
one. The slope is equal to 0.5283 (y = 0.5283x — 0.005). The residual plot was also plotted to
examine the linearity of the data. The data were located around the zero line randomly,
proving the data’s linearity.
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Figure 5. Calibration curves and residual plots for TQ (A), and GB (B).

3.6.2. Limit of Detection (LOD) and Limit of Quantification (LOQ)

The LOD of the analytical assay was estimated using the slope of the calibration curve.
For TQ, the smallest concentration of the analyst that can be detected is equal to 0.1717 ppm,
while the quantified limit (LOQ) is equal to 0.052 ppm. The LOD of the developed assay
for GB is 0.0627 ppm and the LOQ is 0.1901 ppm.

3.6.3. Accuracy and Precision

The accuracy of the analytical procedure was estimated by calculating the % recovery.
The % recovery was calculated for different concentrations: 0.5, 1, 20, and 50 ppm for
TQ and GB. The % recovery for TQ was 96.05, 95.86, 98.98, and 99.97% for their relative
concentration of 0.5, 1, 20, and 50 ppm. The calculated RSD% was less than 2%, indicating
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the accuracy of the developed method. For GB, the % recovery ranges from 96.52 to 99.79%
with RSD% less than 2% (Table 5).

Table 5. Percentage recovery of Thymoquinone and Glibenclamide.

. . TQ GB
Nominal Concentration (ppm)
% Recovery % RSD % Recovery % RSD
0.5 96.054 0.231 96.523 1.067
1 95.862 0.241 98.719 1.872
20 98.981 0.146 99.767 0.117
50 99.974 0.042 99.970 0.196

The precision of the method was determined using intraday and inter-day precision.
Table 6 shows the detailed results of the measured concentration compared with the actual
one. The RSD for the measured concentration for both TQ and GB was less than 2%. This
small value of the RSD reflects the sensitivity of the developed assay.

Table 6. Intraday and inter-day precision for the analysis assay of Thymoquinone and Glibenclamide.

Analytes Nominal Intraday Inter-Day (Measured Concentration; RSD %)
Concentration (ppm)  (Measured Concentration; RSD %) Day-1 Day-2 Day-3
0.5 0.481; 0.231 0.481; 0.231 0.487; 0.672 0.456; 0.566

O 1 0.958; 0.241 0.958; 0.241 0.958; 0.241 0.941;0.721
20 19.796; 0.146 19.796; 0.146 19.882; 0.201 19.229; 0.763
50 49.987; 0.042 49.987;0.042 50.648; 0.153 50.304; 0.900
0.5 0.483; 1.067 0.483; 1.067 0.489; 1.468 0.485; 0.275

cB 1 0.987;1.872 0.987;1.872 1.031; 0.194 1.016; 0.811
20 19.953; 0.117 19.953; 0.117 20.060; 1.059 20.001; 0.426
50 49.985; 0.196 49.985; 0.196 50.337; 0.178 51.492;0.153

3.6.4. Robustness

The ability of the analytical assay to tolerate and resist any tiny change in the process
parameters was examined by applying different flow rates and using different UV wave-
lengths. Table 7 shows the impact of changing the flow rate and the UV wavelength on the
peak area and retention time of TQ and GB. For a robust method, and according to the ICH
guidelines, the calculated RSD % should be less than 2%. No obvious change was observed
in the peak area and retention time analyzed for TQ and GB. The RSD % is less than 2%.

3.7. Characterization of SNEDD Formula Containing TQ and GB
Physicochemical Properties and Drug Content

The physical appearance of dispersed drug-free and drug-loaded SNEDDS formu-
lations was transparent, as shown in Figure 6. Further investigation showed that the
dispersed systems were in the nanosize, where it was 46.9 £ 0.27 and 52.3 &+ 0.31 nm,
respectively. The drug content of TQ and GB in SNEDD formulation was analyzed us-
ing the developed UPLC method. The amount of the analytes was 3.62 = 0.031 and
1.54 & 0.023 mg/g of SNEDD formulation for TQ and GB, respectively. The chromatogram
in Figure 7 shows the applicability of the developed method to analyze and separate the
drugs in the SNEDD formulation.

The current study proposed GB and TQ combination as a dual therapy for the treat-
ment of DM (2, 6). SNEDDS formulation was selected as drug delivery to enhance the
dissolution of GB along with the incorporation of bioactive oil [18].
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Table 7. Robustness validation of the developed analytical procedure to analyze Thymoquinone and
Glibenclamide, represented as RSD %.

Parameters TQ GB

Flow Rate (mL/min) Peak Area Re_}?::ion Asyl:srati(e try Peak Area Re;eilrllltion Asyifrali(e try
0.28 0.460 0.057 0.518 0.695 0.089 0.998

0.3 0.146 0.23 0.884 0.117 0.343 0.517
0.32 0.050 0.283 1.34 0.163 0.512 0.491
UV wavelength (nm) (TQ/GB)

254/226 0.469 0.106 0.892 1.198 0.321 0.499
256/228 0.146 0.23 0.884 0.117 0.343 0.517
258/230 0.315 0.283 0.892 1.057 0.261 0.499

Size (d. nm) % intensity Width (d. nm)

Z-average (d. nm): 46.70 Peak 1: 56.46 100 25.92
Pdi:0.177 Peak 2: 0.000 0.0 0.000
Intercept: 0.951 Peak 3: 0.000 0.0 0.000
A Results quality: Good
Size Distnbution by Intensity
T e e o]
gl I DO SO YO, | M. M-
E (o3 SRR e R T P
l‘q—_'; 4t e e e . O i e e
s 9
o = = = = =
0.1 1 10 100 1000 10,000
Size (d.nm)
[——Recora 37: Drup-free bicactive SNEDDS]
Size (d. nm) % intensity Width (d. nm)
Z-average (d. nm):52.18 Peak 1: 65.46 100 34.42
Pdl:0.19 Peak 2: 0.000 0.0 0.000
Intercept: 0.948 Peak 3: 0.000 0.0 0.000

Results quality: Good

Sice Distnibution by Intensity
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-
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Figure 6. Physical appearance (left) and particle size distribution (right) of dispersed (A) drug-free
and (B) drug-loaded SNEDDS formulation.
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Figure 7. Representative chromatograms of TQ and GB in SNEDD formulation.

4. Discussion

Recently, new formulations composed of two drugs, or more, are available in the
market. These formulations have the advantage of decreasing the number of pellets taken
by patients, thus improving their compliance. From here, a high demand to develop an
analytical procedure to analyze those drugs simply and validly is very important, especially
for quality control assessment.

Therefore, this work aimed to develop a simple, sensitive, and valid analytical process
for the simultaneous determination of TQ and GB.

The results indicate that increasing the ACN and column temperature shortens the
retention time of GB and TQ. This could be attributed to the mobile phase viscosity. In-
creasing the temperature may decrease the viscosity of the mobile phase. The effect of
column temperature on the elution of the analyte in terms of retention time was studied by
several researchers. Ibrahim et al. [28] showed that raising the column temperature led to a
short retention time for the fusidic acid chromatogram. The viscosity of the mobile phase
could be attributed to this short retention time. Increasing the column temperature could
decrease the mobile phase viscosity which will reduce the instrument backpressure as a
result [29,30].

The symmetry of UPLC is one of the important analytical tools in evaluating notewor-
thy deviation of the ideal shape of analyte peak shape from the symmetrical peak, which
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provided relevant acquisition of chromatographic signal data as the retention time and
peak areas as well as peak overlapping [31]. The results showed that the peak asymmetry
of GB is significantly affected by the ACN concentration as well as the column tempera-
ture. GB peak asymmetry improved with increasing the ACN concentration and column
temperature. Elevating the column temperature could affect the peak shape as per several
studies. It may decrease the peak tailing and enhance the asymmetry [32,33]. In one study,
the peak asymmetry for catechol, aniline, and pyridine was improved by increasing the
column temperature. Increasing the diffusion and the transfer rate of the analyte between
the mobile and stationary phases could be attributed to better peak asymmetry [34]. The
composition of the mobile phase also has an impact on the peak asymmetry. It was found
that the asymmetry improved with a mobile phase containing ACN rather than methanol.
Moreover, Czyrski and Sznura found that the asymmetry improved with increasing ACN
concentration [35].

Peak resolution is considered as a crucial factor in chromatographic separation pro-
cedures and peak analysis because it estimates the extent of separation of two peaks of
different retention times [36-39]. Higher values of peak resolution designate perfect and
precise analyte identification and quantification. In contrast, low values of peak resolution
might cause peaks’ co-elution and tailing, which results in poor sensitivity. The resolution
of the two peaks was significantly affected by the ACN concentrations. The resolution
became worse and peak overlap was observed with a high concentration of ACN. De-
creasing the ACN concentrations’ sharp peak with narrow width was observed. The same
observation was obtained in the separation of miconazole and mometasone, in which the
ACN concentration was affected in an antagonistic way by the resolution [40].

For validation, the developed assay was valid in terms of linearity, accuracy, precision,
and robustness as per ICH Q2 R1 guidelines.

It is very important to demonstrate the efficiency of the developed assay. Therefore, it
was applied for simultaneous determination of GB that are performed as SNEDDs. The
oil component of the SNEDD is flax seed, which is composed of TQ as a constituent.
The developed analysis efficiently separates TQ and GB in SNEDD formulation, as seen
in Figure 7.

5. Conclusions

The current work proposes a rapid, accurate, precise, and robust UPLC method for
simultaneous analysis of TQ and GB in SNEDD formulation. The use of the experimental
design assists in the development of an applicable method used to separate two analytes
simultaneously. The optimized analytical method was valid in terms of accuracy and
precision as per ICH Q2 R with RSD less than 2%. Good peak asymmetry and peak
resolution values indicate a good separation of the compounds. The developed method
showed high sensitivity and applicability in determining the drug content of TQ and GB in
SNEDD formulation.
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