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Abstract: Despite the fact that several analytical methodologies have been reported for the determi-
nation of curcumin (CCM) in a wide range of sample matrices, the greener liquid chromatographic
approaches to determine CCM are scarce in the literature. Therefore, this research is designed
to develop and validate a greener stability-indicating “high-performance liquid chromatography
(HPLC)” methodology to determine CCM in an in-house developed nanoemulsion, Curcuma longa L.
extract, and commercial tablets. CCM was measured on a Nucleodur (150 mm x 4.6 mm) RP C;g
column with 5 pm-sized particles. Ethanol and ethyl acetate (83:17 v/v) made up the greener eluent
system, which was pumped at a flow speed of 1.0 mL/min. At a wavelength of 425 nm, CCM
was detected. The greener HPLC methodology was linear in the 1-100 pg/mL range, with a de-
termination coefficient of 0.9983. The greener HPLC methodology for CCM estimation was also
rapid (R¢ = 3.57 min), accurate (%recoveries = 98.90-101.85), precise (%CV = 0.90-1.11), and sensitive
(LOD =0.39 ug/mL and LOQ = 1.17 ug/mL). The AGREE approach predicted the AGREE score of
0.81 for the established HPLC technique, indicating an outstanding greenness profile. The utility of
the greener HPLC methodology was demonstrated by determining CCM in the in-house developed
nanoemulsion, Curcuma longa extract, and commercial tablets. The % amount of CCM in the in-house
developed nanoemulsion, Curcuma longa extract, and commercial tablets was found to be 101.24%,
81.15%, and 78.41%, respectively. The greener HPLC methodology was able to detect its degradation
product under various stress conditions, suggesting its stability-indication characteristics. These
results suggested that CCM in developed nanoemulsion, plant extract samples, and commercial
tablets may be routinely determined using the greener HPLC methodology.

Keywords: AGREE; Curcuma longa; curcumin; nanoemulsion; greener HPLC; validation

1. Introduction

Turmeric is a spice, which is obtained from Curcuma longa L [1]. It is a rich source of
phenolic compounds, namely curcuminoids [1,2]. Three main curcuminoids have been
reported in C. longa extract: curcumin (CCM) (Figure 1), demethoxycurcumin (DCCM),
and bisdemethoxycurcumin (BDCCM) [1,3]. Marketed CCM contains CCM, DCCM, and
BDCCM, but its main constituent is CCM [4]. Various therapeutic activities have been
reported for C. longa extract, which are mainly due to the presence of curcuminoids [1,4].
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CCM is a yellow-colored pigment, which is used for the coloring of various food prod-
ucts [4]. In the literature, the variety of therapeutic activities of CCM are reported, including
antioxidant [1,2], anti-inflammatory [5], antimicrobial [6], antibacterial [7], antiviral [8],
antiparasitic [9], antimutagenic [10], and antiproliferative activities [11-13] etc. As a conse-
quence, the quality control and standardization of CCM in its pharmaceutical products,
food products, and herbal extracts are significant due to its variety of therapeutic activities.

Figure 1. Molecular structure of curcumin (CCM).

Different analytical techniques have been utilized for the qualitative and quantitative
detection of CCM in herbal extracts, commercial pharmaceutical formulations, commercial
food products, and biological materials. For the determination of CCM in food products,
spices, and herbal extracts, various ultra-violet (UV) spectrometry methods have been
reported [14-16]. A spectrofluorometric assay has also been reported to determine CCM
in a nanoliposomal formulation and mice plasma samples [17]. Fluorescence detection
of CCM has also been carried out in the literature [18,19]. Reported spectrometry and
fluorescence methods of CCM measurement were less accurate and sensitive than the
current method [14-16,18,19]. The variety of high-performance liquid chromatographic
methods (HPLC) have also been used to determine CCM in food products, pharmaceutical
products, and herbal extracts [4,20-27]. However, most of the reported HPLC methods
were environmentally toxic and less sensitive than the current HPLC method [4,20,25-27].
CCM in food products and herbal extracts has also been identified using liquid chromatog-
raphy tandem mass-spectrometry (LC-MS) and ultra-performance liquid chromatography
tandem mass-spectrometry (UPLC-MS) approaches [28-31]. Various high-performance
thin-layer chromatography (HPTLC) approaches are also reported to determine CCM in
herbal extracts and CCM dosage forms [32-37]. Some LC-MS and UPLC-MS approaches
have also been used to determine CCM in the plasma samples of rat, equine, and hu-
man [38-41]. Carbon nanotube-based composites have also been used to determine CCM
in food products [42,43]. Reported LC-MS, UPLC-MS, and HPTLC approaches were also
found to be more environmentally toxic than the current HPLC method [28-43]. Some
voltammetry approaches have also been reported to determine CCM in natural food sup-
plements and food spices [44-46]. Some electrochemical approaches were also used to
determine CCM in its pure form and human blood serum sample [47,48]. Some other
techniques, such as the Fourier transform near infrared spectroscopy approach, nanosensor,
and solvatochromic approach have also been reported to determine CCM [49-51].

The detailed literature survey revealed the wide range of analytical techniques for
the determination of CCM in distinct sample matrices. However, the greener/sustainable
HPLC approaches of CCM detection are scarce in the literature. Furthermore, no green-
ness index of any reported HPLC method of CCM analysis has been reported. Several
qualitative and quantitative approaches are reported to evaluate the greener characteristics
of analytical procedures [52-56]. However, the “analytical GREEnness (AGREE)” metric
methodology exclusively considers all twelve green analytical chemistry (GAC) principles
for the determination of the greenness profile [54]. As a result, the “AGREE metric method-
ology” was used for the determination of the greener profile of the present HPLC assay of
CCM analysis [54]. Based on all these assumptions, the objective of this research was to
design and validate a simple, rapid, and greener HPLC methodology for the determination
of CCM in an in-house developed CCM nanoemulsion, C. longa extract, and commercial
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tablets. The greener HPLC methodology for determining CCM was validated, following
the “International Council for Harmonization (ICH)-Q2-R1” procedures [57].

2. Materials and Methods
2.1. Materials

The working standard of CCM was obtained from “E-Merck (Darmstadt, Germany)”.
HPLC-grade solvents, such as methanol, ethyl acetate, acetone, and ethanol were provided
by “Sigma Aldrich (St. Louis, MO, USA)”. High-pure water was collected from “Milli-Q®
water purifier (Millipore, Lyon, France)”. All other chemicals and reagents used were of an-
alytical grades. The fresh rhizomes of Curcuma longa were purchased from the hypermarket
in Riyadh, Saudi Arabia. The commercial tablets (having 1000 mg of standardized C. longa
extract) were obtained from a pharmacy shop in Riyadh, Saudi Arabia. The nanoemul-
sion formulation of CCM was developed in the laboratory by the aqueous phase titration
method using clove oil (oil phase), Tween-20 (surfactant), Transcutol-HP (cosurfactant),
and purified water (aqueous phase).

2.2. Instrumentation and Analytical Conditions

Waters HPLC system, composed of a 1515 isocratic pump, a 717 automatic sampler,
quad LC-10A VP pumps, a programmable UV-visible variable wavelength detector, a
column oven, an SCL 10AVP system controller, and an inline vacuum degasser, was used to
measure CCM at a temperature of 25 £ 1 °C. The Millennium program (Version 32, Waters,
Milford, MA, USA) was used to process and evaluate the data. CCM was determined using
a Nucleodur (150 mm x 4.6 mm) RP C;g column with 5 um-sized particles. The mixture of
ethanol and ethyl acetate (83:17% v/v) was used as the greener eluent system. The eluent
system flowed with a flow speed of 1.0 mL/min. At a wavelength of 425 nm, CCM was
detected. The samples (20 uL) were injected into the system using a waters autosampler.

2.3. CCM Calibration Curve

In triplicates (1 = 3), the appropriate amount of CCM was dispensed in the eco-friendly
eluent system to produce a stock solution with a 200 pg/mL concentration. To obtain the
serial dilutions in the required range (1-100 pug/mL) in triplicates (n = 3), the requisite
aliquots from the stock solution of CCM (200 pg/mL) were diluted with the greener
eluent system. Using the greener HPLC methodology, the chromatographic response
for each concentration of CCM was identified. To produce the CCM calibration curve,
CCM concentrations were plotted against the measured chromatographic response in
triplicates (n =3).

2.4. Sample Preparation for the Determination of CCM in Curcuma Longa Extract

Approximately 10.0 g of fresh rhizomes of C. longa were taken and powdered finely.
The fine powder was soaked in 100 mL of ethanol-water mixture (50:50 v/v) and ultrason-
icated for about 60 min. The temperature was kept constant at 25 °C. The supernatant
was recovered and filtered using nylon filter paper. The solvents were evaporated using a
rotary vacuum evaporator at 40 °C. The obtained sample was used to determine CCM in
C. longa extract using the greener HPLC approach.

2.5. Analytical Method Development

As the eluent systems, different combinations of greener solvents were examined to
develop a trustworthy stability-indicating greener HPLC assay for the detection of CCM in
an in-house developed nanoemulsion, C. longa extract, and commercial tablets. The greener
solvent compositions of methanol-water, ethanol-water, acetone-water, methanol-ethanol,
ethyl acetate-methanol, ethyl acetate-ethanol, ethyl acetate-acetone, acetone-ethanol, and
acetone-methanol were among the numerous greener solvents that were examined. Various
aspects were taken into account when determining the best greener eluent system, including
the affordability, greenness/toxicity profile, the assay’s sensitivity, the analysis duration,
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the chromatographic parameters, and the solvents” compatibilities with one another. As a
consequence, various greener solvent compositions were examined as the eluent system in
combined forms. Finally, the most trustworthy eluent system for future investigation was
discovered to be a 83:17 volume-to-volume blend of ethanol and ethyl acetate.

2.6. Validation Parameters

Following ICH-Q2-R1 procedures, the greener HPLC technique for the measurement
of CCM was verified for various parameters [57]. By drawing the linearity graphs, the
linearity of the greener HPLC methodology was examined in the 1-100 pug/mL range. CCM
solutions that had just been prepared were added to the HPLC system in triplicates (n = 3),
and the chromatographic response was recorded. The CCM calibration curve was derived
by plotting the CCM concentration vs. chromatographic response.

The system appropriateness parameters for the greener HPLC technology were de-
rived using a number of chromatographic characteristics, including resolution (Rs), selectiv-
ity factor («), tailing factor (As), capacity factor (k), and theoretical plates
number (N) [58,59].

The intra-day and inter-day accuracy of the greener HPLC technology was assessed
using a standard addition/spiking method in terms of % recovery [57]. To investigate
intra-day accuracy at three different quality control (QC) levels, the pre-analyzed QC level
of CCM (10 pg/mL) was spiked with an extra 50, 100, 150% of CCM solution to obtain low
QC (LQC =15 pg/mL), middle QC (MQC = 20 pg/mL), and high QC (HQC =25 ug/mL).
The obtained LQC, MQC, and HQC of CCM were analyzed on the same day in three
replicates (n = 3) to measure intra-day accuracy. On three distinct days, three replicates
(n =3) of CCM’s LQC, MQC, and HQC levels were obtained by the spiking method and
used to examine inter-day accuracy. The percentage recovery, percentage coefficient of
variance (%CV), and standard error were computed at each QC level.

The greener HPLC methodology’s precision was examined using intra-day and inter-
day variations. On the same day, three replicates (n = 3) of the LQC, MQC, and HQC levels
of CCM were used to assess the intra-day precision. At the LQC, MQC, and HQC of the
CCM on three distinct days, inter-day precision was assessed in three replicates (n = 3).

To examine the influence of intentional chromatographic alterations on CCM mea-
surement, the robustness of the greener HPLC methodology was evaluated. The CCM
MQC (20 pg/mL) was chosen for the robustness assessment. By altering the greener elu-
ent’s composition, flow speed, and detecting wavelength, robustness was assessed. The
initial ethanol: ethyl acetate (83:17 v/v) eluent system was altered to ethanol: ethyl acetate
(85:15 v/v) and ethanol: ethyl acetate (81:19 v/v) for the robustness assessment, and the
differences in chromatographic response were recorded. For the purpose of evaluating
robustness, the original flow speed of 1 mL/min was changed to flow rates of 1.15 mL/min
and 0.85 mL/min, and the changes in chromatographic response were noted. For the
robustness assessment, the initial detection wavelength (425 nm) was changed to detection
wavelengths of 430 nm and 420 nm, and the differences in chromatographic response
were recorded.

The standard deviation approach was used to evaluate the sensitivity of the greener
HPLC methodology in terms of “limit of detection (LOD) and limit of quantitation (LOQ)” [57].
The standard deviation of the blank sample (without CCM) was computed following the
injection of the blank sample into the HPLC apparatus three times (n = 3). After that,
established techniques that have been documented in the literature were used to calculate
the LOD and LOQ values for CCM [57,58].

The solution stability of CCM in stock solution and nanoemulsion was performed at
the MQC level (20 pg/mL) at two distinct temperatures, namely, the bench temperature
(25 £ 0.5 °C) and refrigeration temperature (4 £ 0.5 °C). These studies were carried out
for the period of 72 h. The MQC concentration of CCM was freshly produced in a greener
eluent system. The freshly prepared nanoemulsion was also diluted with the greener eluent
system to obtain the MQC level of CCM. Both solutions were stored at 25 + 0.5 °C and
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4 £ 0.5 °C for 72 h and the decomposition of CCM was evaluated by measuring the rest of
CCM after storage.

2.7. Forced Degradation/Selectivity Studies

Forced degradation studies under a variety of stress conditions, including acidic (HCI)
stress, basic (NaOH) stress, oxidative (H,O,) stress, thermal stress, and photolytic stress
conditions, were conducted in order to evaluate the selectivity and stability-indicating
property of the greener HPLC methodology [56,60]. The degradation studies were per-
formed in mild conditions, as recommended by ICH [57]. The 40 pug/mL of CCM was
freshly prepared into the eluent system for acid and base-induced degradation. By mixing
4mL of 1 M HCl and 4 mL of 1 M NaOH into an aliquot (1 mL) of this solution, acid and
base hydrolysis were applied. For the determination of CCM in the presence of its acid-
and base-degradation products, respectively, these mixtures were refluxed for 48 h at 60 °C
before being evaluated using the greener HPLC approach [60].

The 40 pug/mL of CCM was freshly produced and introduced into the eluent system
for oxidative degradation testing. This solution was oxidatively degraded by adding 4 mL
of 30% HyO; to an aliquot (1 mL) of it. For the detection of CCM in the presence of its
oxidative-degradation products, this mixture was refluxed for 48 h at 60 °C before being
evaluated using the greener HPLC approach [60].

The 40 ug/mL concentration of CCM (1.0 mL) was diluted with eluent system to
produce a total volume of 5.0 mL. This solution was then subjected to a hot air oven for 48 h
at 60 °C for thermal degradation tests. It was then assessed utilizing the ecofriendly HPLC
technology for the detection of CCM in the presence of its thermal-degradation products [60].

For photolytic degradation investigations, a 1.0 mL aliquot of 40 pug/mL concentration
was diluted with the eluent system to obtain the total volume of 5.0 mL. This solution
was then subjected to a UV chamber at 254 nm for 48 h. Then, CCM was determined
using the ecofriendly HPLC methodology while the photolytic-degradation products
were present [60].

2.8. Greenness Measurement

The greenness profile for the ecofriendly HPLC methodology was determined using
the “AGREE metric approach” [54]. The AGREE scores (0.0-1.0) were derived using
the “AGREE: The Analytical Greenness Calculator (version 0.5, Gdansk University of
Technology, Gdansk, Poland, 2020)”.

2.9. Application of Greener HPLC Methodology in Determination of CCM in In-House
Developed Nanoemulsion

In the lab, a CCM nanoemulsion was created and evaluated. One mL of an in-house
developed nanoemulsion containing 20 mg/mL of CCM was appropriately diluted with
the eluent system to produce 100 mL of stock solution in order to determine the CCM
content. Following a suitable dilution with the eluent system and a 15-min sonication of
this solution, the CCM content was determined using the ecofriendly HPLC approach. The
potential for interference from components of the formulation that are nanoemulsions was
also investigated.

2.10. Application of Greener HPLC Methodology in Determination of CCM in Curcuma Longa Extract

An amount of 1 mL of freshly prepared Curcuma longa extract was appropriately
diluted with the eluent system to create 50 mL of stock solution in order to measure the
CCM content. Following a suitable dilution with the eluent system and a 15-min sonication
of this solution, the CCM content was determined using the ecofriendly HPLC approach.

2.11. Application of Greener HPLC Methodology in Determination of CCM in Commercial Tablets

The average mass of ten marketed tablets—each having 1000 mg of C. longa standard-
ized extract—was determined. Ten tablets were crushed using a glass pestle and mortar
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to obtain fine powder. An amount of 100 mL of the eluent system was combined with
a portion of the powder containing an average weight of the tablet. Then, 1 mL of this
solution was added to 50 mL of the eluent system. To eliminate any insoluble excipient, the
obtained solution of the commercial tablet was filtered using Whatman filter paper (No. 41)
and sonicated at 25 °C for 25 min. Using the eco-friendly HPLC approach, the amount of
CCM in commercial tablets was determined.

3. Results and Discussion
3.1. Analytical Method Development

Table 1 provides a summary of the measured chromatographic characteristics and the
composition of distinct greener eluent systems. The use of methanol-water, ethanol-water,
and acetone-water in different compositions during the analytical method development
step resulted in a subpar chromatographic response of CCM, which was exhibiting higher
As values (As > 2.0) with low N values (<2000). Furthermore, the use of methanol-ethanol,
methanol-acetone, and methanol-ethyl acetate in distinct compositions caused CCM to
have a poor chromatographic response, as well as increased As values (As > 1.20) and
low N values (<3000). Further, the use of ethanol-acetone and ethyl acetate-acetone was
also examined as the greener eluent systems. With high As values (As > 1.80) and low N
values (<2500), the chromatographic response of CCM was once more subpar. However, a
well-resolved and intact CCM chromatographic peak with good As values and greater N
values was shown by the binary mixture of ethanol and ethyl acetate in distinct composition.
The binary mixture of ethanol and ethyl acetate (83:17 v/v) gave the best chromatographic
response and reliable retention time (R¢), as well as As and N values, among the various
ethanol and ethyl acetate mixes examined (Figure 2). As a consequence, the binary com-
bination of ethanol and ethyl acetate (83:17 v/v) was selected as the final greener eluent
system for measuring CCM with an appropriate As (1.09) and N (5081), quick analysis
(R¢ = 3.57 min), and a good analysis period (5 min). The finally used solvents, such as
ethanol and ethyl acetate, are non-toxic and environmentally safe [61,62]. Both solvents
have been extensively studied as green solvents in the literature [58-62]. As a result, these
solvents were used in this study to create a greener HPLC approach to determine CCM.

Peak 3.579

L B L e o L B e e e e e L s s e e s e e o L B e s
1.00 1.50 2.00 250 3.00 3.50 4.00 4.50 5.00

Minutes

Figure 2. A greener high-performance liquid chromatography (HPLC) chromatogram of CCM in
solution derived using ethanol: ethyl acetate (83:17 v/v) greener eluent system.
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Table 1. The optimization of greener eluent systems and measured analytical responses for standard
curcumin (CCM) (mean =+ SD, n = 3).

Greener Eluent System As N R¢

Methanol:water (50:50 v/v) 2.45 + 0.36 1354 +2.31 526 +0.25
Methanol:water (83:17 v/v) 2.37 +0.31 1478 + 2.38 5.04 +0.22
Ethanol:water (50:50 v/v) 2.14+0.23 1741 + 2.58 4.71+£0.18
Ethanol:water (83:17 v/v) 2.06 +0.19 1892 4+ 2.62 442 +0.16
Acetone:water (50:50 v/v) 2.56 + 0.41 1141 +2.01 6.16 + 0.41
Acetone:water (83:17 v/v) 249 +0.38 1262 +2.13 6.08 + 0.36
Methanol:ethanol (50:50 v/v) 1.78 £ 0.10 1924 + 2.68 438 £0.20
Methanol:ethanol (83:17 v/v) 1.82 +£0.12 1812 + 2.59 441+ 0.25
Methanol:acetone (50:50 v/v) 2.38 +£0.28 1312 £2.21 6.74 + 0.45
Methanol:acetone (83:17 v/v) 228 £0.24 1451 £ 2.30 6.69 + 0.40
Methanol:ethyl acetate (50:50 v/v) 1.24 + 0.08 2914 + 3.27 4.16 + 0.08
Methanol:ethyl acetate (83:17 v/v) 1.23 +0.07 2989 + 3.38 4.10 £ 0.06
Ethanol:ethyl acetate (50:50 v/v) 1.13 £ 0.04 4125 £+ 3.87 3.84 4+ 0.03
Ethanol:ethyl acetate (83:17 v/v) 1.09 4+ 0.02 5081 + 5.48 3.57 + 0.03
Ethanol:acetone (50:50 v/v) 2.07 £ 0.05 2122 +2.12 5.22 + 0.08
Ethanol:acetone (83:17 v/v) 1.84 £+ 0.06 2245 + 2.31 5.11 £ 0.07
Ethyl acetate: acetone (50:50 v/v) 2.15 + 0.09 1689 + 2.27 6.41 + 0.10
Ethyl acetate: acetone (83:17 v/v) 1.98 4+ 0.08 1774 +£2.18 6.02 + 0.09

As: tailing factor; N: number of theoretical plates; R;: retention time.

3.2. Validation Parameters

Numerous validation parameters for the greener HPLC methodology were assessed
following ICH-Q2-R1 procedures [57]. The linearity graphs were produced using freshly
prepared CCM samples (1-100 png/mL). The outcomes of a linear regression analysis of the
CCM calibration curve are summarized in Table 2. The linear calibration curve for CCM was
between 1 and 100 pug/mL. According to estimates, the calibration curve’s determination
coefficient (R?) and regression coefficient (R) values are 0.9983 and 0.9991, respectively,
suggesting a good relation between CCM concentrations vs. the measured response. These
data demonstrated the efficiency of the greener HPLC methodology for determining CCM.

Table 2. Linear regression data for the calibration curve of CCM for the greener high-performance
liquid chromatography (HPLC) methodology (mean + SD, n = 3).

Parameters Values
Linearity range (ug/mL) 1-100
Regression equation y =70,341x — 59,690
R? 0.9983
R 0.9991
SE of slope 58.96
SE of intercept 49.89
95% CI of slope 70,087-70,594
95% CI of intercept 59,475-59,904
LOD (ug/mL) 0.39 £ 0.03
LOQ (ng/mL) 1.17 + 0.09

R?: determination coefficient; R: regression coefficient; SE: standard error; CI: confidence interval; LOD: limit of
detection; LOQ: limit of quantification.

The system suitability parameters for the greener HPLC methodology were estimated
using the Rs, «, As, k, and N and results are summarized in Table 3. The greener HPLC
methodology’s values for Rs, peak symmetry, , As, k, and N were found to be satisfactory
and trustworthy for determining CCM.
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Table 3. Optimized chromatographic peak parameters to determine CCM for the greener HPLC
methodology (mean £ SD, n = 3).

Drug Rs o As k N

PIT 241 £0.17 1.561 £ 0.09 1.09 = 0.02 2.76 £0.15 5081 4= 5.48
Rs: resolution; «: selectivity; As: tailing factor; k: capacity factor; N: number of theoretical plates.

The percent recovery at three distinct QC levels was used to evaluate the intra-day
and inter-day accuracy of the greener HPLC methodology. The results are summarized in
Table 4. At three distinct QC levels, the intra-day and inter-day percent recoveries of CCM
were determined to be 99.84-101.85 and 98.90-101.44 percent, respectively. High percent
recoveries for the greener HPLC methodology for determining CCM point to its accuracy.

Table 4. Intra-day and inter-day accuracy data of CCM for the greener HPLC methodology
(mean + SD; n = 3).

Conc. Intra-Day Accuracy Inter-Day Accuracy

(ng/mL) Conc. Found (ug/mL) = SD  Recovery (%) CV (%)  Conc. Found (ug/mL) = SD  Recovery (%) CV (%)

15 15.24 + 0.17 101.60 1.15 14.91 £ 0.18 99.40 1.20

20 20.37 £ 0.20 101.85 0.98 19.78 £ 0.21 98.90 1.06

25 2496 £0.23 99.84 0.92 25.36 + 0.25 101.44 0.98

The results of the intra-day and inter-day precisions are included in Table 5 and are

expressed in %CV. For CCM, the intraday precision percent CVs were observed to range
from 0.86 to 0.94%. Contrarily, the %CVs for inter-day precision ranged between 0.96 and
1.17%. Low %CVs in the greener HPLC methodology for determining CCM indicated
its precision.
Table 5. Intra-day and inter-day precision data of CCM for the greener HPLC approach
(mean £+ SD; n = 3).

Conc. Intra-Day Precision Inter-Day Precision

(g/mL) ~ one. Found (ug/mL) = SD  SE CV (%) Conc. Found (ug/mL) = SD  SE CV (%)

15 14.88 + 0.14 0.08 0.94 15.21 £ 0.17 0.09 1.17

20 19.82 + 0.18 0.10 0.90 20.28 £0.21 0.12 1.03

25 2541 +£0.22 0.12 0.86 24.86 = 0.24 0.13 0.96

Table 6 summarizes the outcomes of the robustness evaluation for the MQC level of
CCM. When evaluating robustness by altering the composition of the eluent system, the
%CV and Rt were found to be 1.02-1.28% and 3.55-3.59 min, respectively. The %CV and
Rt were calculated to be 1.16-1.18% and 3.23-3.81 min, respectively, in the scenario of a
robustness assessment when the flow speed was altered. The %CV and R; were found to be
1.14-1.22% and 3.54-3.60 min, respectively, in the scenario of the robustness assessment by
altering the detecting wavelength. Low CVs and minimal R; value variation in the greener
HPLC methodology for detecting CCM point to its robustness.

The results of analyzing the sensitivity of the ecofriendly HPLC methodology in terms
of “LOD and LOQ” are presented in Table 2. According to calculations, the “LOD and LOQ”
using the ecofriendly HPLC approach are 0.39 & 0.03 pug/mL and 1.17 & 0.09 pg/mL,
respectively. These results indicated that the ecofriendly HPLC technology would be
sensitive enough to identify and measure CCM in a wide range of concentrations.

The stability of CCM in stock solution and nanoemulsion formulation at two distinct
temperatures was also determined. The results of stability determination at two distinct
temperatures are presented in Table 7. The CCM degradation was determined by measuring
the rest of CCM concentration after storage. The CCM decomposition was very low when
stored for 72 h at 25 £ 0.5 °C and at 4 £ 0.5 °C when the peak areas of the stored CCM
solution and nanoemulsion were compared to those derived using a freshly prepared
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CCM solution and CCM nanoemulsion. The precision of the CCM stock solution and
nanoemulsion in terms of %CV was measured to be 0.71-0.80% and 0.74-0.79%, respectively,
at two distinct temperatures. In addition, the % recovery of the CCM stock solution and
nanoemulsion was determined to be 98.45-99.85% and 100.70-100.85%, respectively, at
two distinct temperatures. CCM was found to be sufficiently stable in stock solution and
nanoemulsion formulation at 25 and 4 °C based on these results.

Table 6. Robustness data of CCM at MQC (20 pg/mL) for the greener HPLC methodology
(mean + SD; n = 3).

Parameters Conc. Found (ug/mL) £+ SD CV (%) R¢ £ SD CV (%)

Greener eluent system (% v/v)
(85:15) 18.61 £ 0.19 1.02 3.55 £ 0.03 0.84
(81:19) 21.08 + 0.27 1.28 3.59 £ 0.02 0.55

Flow speed (mL/min)

(1.15) 21.06 + 0.25 1.18 3.23 +£0.02 0.61
(0.85) 18.96 £ 0.22 1.16 3.81 £ 0.04 1.04

Measurement wavelength (nm)
420 19.61 £ 0.24 1.22 3.54 +0.03 0.84
430 21.04 +0.24 1.14 3.60 £ 0.02 0.55

Table 7. Stability data of CCM in stock solution and nanoemulsion formulation at MCQ level at two
different temperatures (mean £ SD; n = 3).

Sample Matrices

Nominal Conc. (ug/mL) Conc. Found (ug/mL) £ SD  Precision (% CV)  Recovery (%)

Stock solution

Refrigeration (4 °C) 20 19.97 £ 0.16 0.80 99.85

Bench top (25 °C) 20 19.69 + 0.14 0.71 98.45
Nanoemulsion

Refrigeration (4 °C) 20 20.14 £ 0.15 0.74 100.70

Bench top (25 °C) 20 20.17 £ 0.16 0.79 100.85

3.3. Forced Degradation and Selectivity Studies

By subjecting the 40 pg/mL concentration of CCM to various stress conditions, the
selectivity and stability-indicating properties for the greener HPLC methodology were
assessed. Figure 3 and Table 8 provide an overview of the outcomes of selectivity under
various stress circumstances using the ecofriendly HPLC approach.

Table 8. Results of forced-degradation studies of CCM at 40 pug/mL concentration under various
stress tests for the greener HPLC assay (mean =+ SD; n = 3).

Stress Condition =~ CCM R (min) CCM Remaining (ug/mL)  CCM Recovered (%)
1M HCI 3.53 35.14 87.85+1.91
1M NaOH 3.56 33.61 84.02 +1.87
30% HpO, 3.57 38.74 96.85 £ 2.24
Thermal 3.57 39.97 99.92 +£2.31

Photolytic 3.57 18.24 45.60 = 1.71
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Figure 3. Greener HPLC chromatograms of CCM recorded under (A) acid-induced degradation,
(B) base-induced degradation, (C) oxidative degradation, (D) thermal degradation, and (E) photolytic
degradation of CCM.

The forced degradation investigations” chromatograms showed well-separated CCM
peaks, along with a few other peaks of degradation products (Figure 3). In total, 87.85%
of CCM was preserved under acid stress degradations, while 13.15 percent was degraded
(Table 8). As a result, it was discovered that CCM was adequately stable under acidic
degradations. The R; value for CCM breakdown under acid stress was somewhat off
(Rt = 3.53 min) (Figure 3A). In total, 84.02% of CCM was still present at base-stress degra-
dations, while 15.98% was degraded (Table 8). As a result, it was discovered that CCM
was adequately stable under alkali degradations. Additionally, a small shift was made
to the R¢ value of CCM during base-stress degradation (R; = 3.56 min) (Figure 3B). Only
3.15% of CCM was found to be destroyed under oxidative-stress degradations, leaving
96.85% of the original material intact. As a result, it was discovered that CCM was ade-
quately stable under oxidative stress degradation. The R; value of CCM during oxidative
stress degradation was not altered (Rt = 3.57 min) (Figure 3C). Under thermal degradation,
99.92% of CCM remained and only a negligible amount (0.08%) was degraded. Hence,
CCM was found to be highly stable under thermal degradation. The R; value of CCM
under thermal degradation was not shifted (R; = 3.57 min) (Figure 3D). Under photolytic
degradation, 45.60% of CCM remained and 54.40% was degraded. As a result, CCM was
found to be highly unstable under photolytic degradation. The R value of CCM under
photolytic degradation was not shifted (R¢ = 3.57 min) (Figure 3E). Overall, the maximum
degradation of CCM was found under photolytic degradation. The degradation patterns of
CCM were found to be identical with those reported previously in the literature [23]. Since
the greener HPLC methodology was able to detect CCM in the presence of its degradation
products, it can be considered as a stability-indicating one. Overall, these results indicated
the selectivity and stability-indicating characteristics of the greener HPLC methodology.
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3.4. Greenness Measurement

A number of analytical techniques are used to assess the greenness characteristics of
analytical procedures [52-56]. Only the AGREE approach takes into account all twelve
GAC principles while evaluating the analytical approaches’ greenness [54]. As a result, the
new HPLC methodology’s greenness properties were identified utilizing the AGREE ap-
proach. The predicted overall AGREE score employing the twelve distinct GAC principles
is summarized in Figure 4. Figure 5 includes the AGREE report sheet and AGREE score for
each GAC concept. The different AGREE scores for each criteria of GAC were assigned by
the AGREE calculator. The assigned scores ranged from 0.0 to 1.0. The established HPLC
methodology’s overall AGREE score was 0.81, indicating that it possesses exceptional green-
ness properties for the measurement of CCM. The AGREE score for the reported analytical
methods of CCM measurement has not been determined in the literature. However, the
AGREE score for the HPLC assay of some other drugs has been reported recently [58,59].
The AGREE score for the HPLC assay of the emtricitabine measurement has been reported
to be 0.72 using the AGREE calculator [58]. Similarly, the AGREE score for the HPLC assay
of the doxorubicin measurement has been reported to be 0.79 using the AGREE calcula-
tor [59]. The recorded AGREE score for the HPLC assay of the CCM measurement was
better than those reported for the measurement of emtricitabine and doxorubicin [58,59].
Overall, the greenness profile of the current HPLC assay was outstanding.
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Figure 4. Analytical GREEnness (AGREE) score for the established HPLC assay of CCM determina-
tion predicted using AGREE calculator.

3.5. Determination of CCM in In-House Developed Nanoemulsion, Curcuma Longa Extract, and
Commercial Tablets

The stability-indicating greener HPLC methodology for CCM determination was
shown to be efficient, rapid, and sensitive. This technique was therefore applied to ascer-
tain CCM in an in-house developed nanoemulsion, Curcuma longa extract, and commercial
tablets. The CCM percentage assay was 101.24 & 0.72% in the in-house developed na-
noemulsion. The amount of CCM was determined to be 81.15 £ 0.64% in Curcuma longa
extract. The amount of CCM in commercial tablets (containing 1000 mg of standardized
C. longa extract) was found to be 78.41 £ 0.58%. The assay of CCM in ordinary emulsion
formulation using the HPLC method has been reported to be 99.45% [23], which was similar
to the present method of CCM assay in nanoemulsion formulation. The amount of CCM
in six different commercial C. longa extracts using the HPLC method has been reported
in the range of 69.82 to 86.79% [26]. The amount of CCM in C. longa extract using the
present HPLC method was superior to most of the reported extracts [26]. Using another
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HPLC method, the amount of CCM in C. longa extract has been reported as 30.76 mg/g
(equivalent to 3.06%) [27], which was inferior to the present HPLC method. These findings
indicated that the greener HPLC methodology would work well for figuring out CCM
in its laboratory developed formulations, commercially available products, and distinct
plant extracts.

Analytical Greenness report sheet
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Figure 5. AGREE scale sheet presenting AGREE scale for 12 distinct components of GAC for the
established HPLC methodology of CCM determination recorded using AGREE calculator.

4. Conclusions

The CCM in an in-house developed nanoemulsion, Curcuma longa extract, and com-
mercial tablets has been identified and verified using a quick, sensitive, stability-indicating,
and greener HPLC approach. The stability-indicating greener HPLC methodology was
validated according to ICH-Q2-R1 procedures. For detecting CCM, the greener HPLC
approach is more efficient, accurate, precise, stability-indicating, robust, sensitive, and
selective. The greener HPLC methodology was found to be suitable for the determination
of CCM in the in-house developed nanoemulsion, Curcuma longa extract, and commercial
tablets. The AGREE evaluation suggested outstanding greenness characteristics of the
established HPLC methodology. Because of its selectivity and stability-indicating prop-
erties, the greener HPLC method was able to identify CCM, even in the presence of its
degradation products. Based on these findings, it is possible to effectively determine CCM
in a variety of sample matrices using the stability-indicating greener HPLC methodology.
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In future, further studies can be carried out to determine CCM in the complex matrices of
biological samples and CCM pharmacokinetic evaluation.
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