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Abstract 

 Safflower (Carthamus tinctorius L.) is widely recognized for its therapeutic and nutritional value, primarily 

attributed to flavonoid glycosides with strong antioxidant activities. To establish a rapid, green, and reliable analytical 

approach, an ultrasound-assisted extraction (UAE) method coupled with UPLC-PDA-QDa-MS was developed, 

optimized, and validated. The extraction parameters, including solvent concentration, solid-to-liquid ratio, temperature, 

and time, were optimized using Box-Behnken design, yielding the best extraction efficiency at 50% methanol, 0.3:20 (g 

mL⁻¹), 30 °C, and 15 min. The method demonstrated good linearity (R² = 0.9927), satisfactory precision (CV < 11%), and 

accuracy (recoveries 90% - 100%), with limits of detection and quantification of 2.967 and 8.992 ppm, respectively, 

meeting ICH Q2 criteria. Five major flavonoid glycosides and two HSYA-derived compounds were identified, and the 

flavonoid glycosides were determined on a semi-quantitative basis as HSYA equivalents. Application of the validated 

method to safflower samples subjected to different drying treatments revealed significant compositional variations, where 

freeze-drying best preserved hydroxysafflor yellow A (HSYA), while hot-air drying favored other glycosides. The method 

provides a robust analytical tool for comparative profiling and quality control of safflower-derived products and supports 

green extraction and validation strategies in functional food and phytopharmaceutical research. 

  

Keywords: Antioxidants, Carthamus tinctorius, Edible flower, Hydroxysafflor yellow A, Method development, Rapid 

method, Ultrasound-assisted extraction 

 

Introduction 

Carthamus tinctorius L., commonly known as 

safflower, is an annual herbaceous plant belonging to 

the family Compositae (Asteraceae) [1]. Its flowers and 

seeds are valued for diverse applications in the food, 

cosmetic, and pharmaceutical industries [2]. In 

Indonesia, particularly in South Sulawesi, safflower—

locally referred to as Kasumba Turate—has long been 

used in traditional herbal remedies to alleviate ailments  

 

such as measles, while its dried flowers are consumed as 

herbal tea to strengthen the immune system [3]. The 

ethnopharmacological significance of safflower extends 

globally, with its medicinal uses reported in China [4], 

Japan [5], Turkey [6], and other regions, highlighting its 

universal therapeutic relevance.  

Phytochemical investigations have revealed that 

more than 100 compounds have been isolated from 
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safflower, including flavonoids, quinones, and other 

phenolic constituents [7]. Among these, flavonoids and 

their O- and C-glycosides represent a predominant class 

of bioactive compounds [8]. Quinochalcone C-

glycosides represent a unique subclass of flavonoids that 

are structurally characterized by a quinone-like chalcone 

backbone covalently linked to sugar moieties through a 

carbon-carbon (C-glycosidic) bond, rather than the more 

common oxygen-carbon (O-glycosidic) linkage. This 

structural feature confers greater chemical stability 

against hydrolysis and enhances the water solubility of 

these compounds. Such quinochalcone C-glycosides are 

considered the hallmark constituents of safflower, as 

they have rarely been identified in other plant species. 

Their characteristic extended conjugation system gives 

rise to strong absorption bands around 400 - 410 nm, 

which account for the distinct yellow-orange coloration 

of safflower petals. In addition to their chromophoric 

properties, these compounds—such as hydroxysafflor 

yellow A, safflor yellow B, and related derivatives. 

Beyond their pigmenting role, these metabolites 

exhibit remarkable pharmacological properties to treat 

cardiovascular and cerebrovascular diseases [9,10]. 

Moreover, flavonoid glycosides are particularly 

important due to their diverse biological activities, 

including antioxidant [7], anti-inflammatory [11], anti-

thrombotic [12], anti-cancer [13], as well as promising 

anti-diabetic and anti-obesity potential [14]. 

Consequently, accurate determination of individual 

flavonoid glycosides is essential to support the 

standardization and quality assurance of safflower-

based products. 

The efficiency and reliability of bioactive 

compound analysis, however, largely depend on the 

extraction technique employed. Several studies have 

reported procedures for extracting bioactive compounds 

from the safflower matrix using conventional methods. 

Chen et al. [11] conducted extraction by soaking in 60% 

ethanol to identify 16 flavonoid compounds in 

safflower. Meanwhile, Permana et al. [15] used 

percolation with three different solvents at room 

temperature. A water-based extraction procedure to 

characterize the main quinochalcone compounds in 

safflower during blooming period was proposed by Yan 

et al. [7]. These conventional methods present several 

drawbacks, as they are often constrained by long 

processing times, extensive solvent consumption, and 

sometimes high operational temperatures. Such 

limitations not only raise environmental and economic 

concerns but also increase the risk of thermal 

degradation of thermolabile compounds, leading to 

inconsistent yields and compromised analytical 

reproducibility [16]. To overcome these drawbacks, 

environmentally friendly technologies have gained 

increasing attention, with ultrasound-assisted extraction 

(UAE) emerging as one of the most promising green 

alternatives. 

UAE operates at lower temperatures while 

improving mass transfer and solvent penetration through 

acoustic cavitation, which enhances cell wall disruption 

and facilitates the diffusion of target analytes. This 

approach allows rapid extraction with minimal solvent 

use and high reproducibility. UAE has been effectively 

applied to recover phenolics and anthocyanins from 

Clitoria ternatea [17,18], lutein from Tagetes erecta 

[19], flavonoids from Carthamus tinctorius L. [20], L-

tryptophan from chamomile flower [21], and phenolic 

compounds from other edible flowers [22]. Despite its 

advantages, optimization of UAE for safflower 

flavonoid glycosides remains limited, and studies 

employing ultrasonic probe systems (which generate 

stronger and more uniform cavitation than ultrasonic 

baths) are particularly scarce. Furthermore, several 

previous research has focused merely on extraction 

yield or total phenolic content, without method 

validation to ensure analytical reliability and 

transferability across laboratories [20,23,24]. 

From an analytical perspective, chromatographic 

methods applied to safflower extracts have frequently 

been used for qualitative profiling or semi-targeted 

analysis, with limited validation in accordance with 

internationally recognized guidelines such as ICH Q2 

(R1). As a result, direct comparison among studies 

remains challenging, and the impact of post-harvest 

processing, particularly drying, on individual 

quinochalcone-type flavonoid glycosides has not been 

rigorously evaluated using validated analytical 

workflows. Drying conditions can significantly 

influence moisture removal rates, enzymatic activity, 

and oxidative stability, thereby altering both the 

composition and relative abundance of flavonoid 

glycosides in plant materials. 

Taken together, there remains a clear research gap 

in the development of a green, systematically optimized, 
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and analytically validated UAE-UPLC-based method 

for the reliable profiling of individual flavonoid 

glycosides in safflower, as well as in its application to 

evaluate drying-induced compositional changes. 

Addressing this gap is essential for establishing 

reproducible quality control strategies and for 

improving comparability across studies and processing 

conditions. 

Accordingly, the present study aims to develop, 

optimize, and validate an ultrasound-assisted extraction 

method coupled with UPLC-PDA-QDa for the 

quantitative profiling of major flavonoid glycosides in 

safflower. A Box-Behnken design integrated with 

response surface methodology (RSM) was employed to 

determine the optimal combination of solvent 

composition, solid-to-liquid ratio, and extraction 

temperature. This approach enabled the identification of 

the most influential parameters and determination of the 

optimal extraction conditions [25,26]. The validated 

method was further applied to assess the influence of 

three drying techniques (freeze-, hot-air-, and shade-

drying) on the individual glycoside profiles. This 

comprehensive approach establishes a reliable and 

environmentally sustainable analytical platform for 

quality control, ensuring the reproducibility of 

safflower-based functional food and 

phytopharmaceutical research. 

 

Materials and methods 

Chemicals and reagents 

A standard compound of hydroxysafflor yellow A 

(HSYA, ≥ 95% purity) was procured from PhytoLab 

GmbH & Co. KG (Vestenbergsgreuth, Germany). A 

stock solution was prepared in 100% methanol, passed 

through a 0.22 µm nylon syringe filter (FilterLab, 

Barcelona, Spain) to ensure removal of particulate 

matter, and subsequently stored at –18 °C in the dark 

until analysis to prevent photodegradation. 

High-performance liquid chromatography 

(HPLC)-grade solvents, including methanol, acetic acid, 

and acetonitrile, were supplied by PanReac AppliChem 

ITW Reagents (Barcelona, Spain). Ultrapure water was 

obtained from a Milli-Q purification system (Millipore, 

Billerica, MA, USA). Analytical-grade reagents, 

namely 2,2-diphenyl-1-picrylhydrazyl (DPPH) and 

Folin-Ciocalteu reagent, were purchased from Sigma-

Aldrich Chemical Co. (St. Louis, MO, USA), whereas 

sodium carbonate was obtained from PanReac 

AppliChem ITW Reagents (Barcelona, Spain). 

 

Plant material and drying treatments 

Fresh safflower (Carthamus tinctorius L.) flowers, 

harvested in December 2024, were obtained from a local 

farmer in Bone, South Sulawesi, Indonesia. To evaluate 

the effect of post-harvest processing on analyte stability, 

the flowers were subjected to three distinct drying 

techniques: freeze drying at –40 °C and 0.099 bar for 24 

h using a FreeZone series freeze dryer (Labconco, 

Missouri, USA); hot-air drying at 50 °C for 48 h using a 

food dehydrator (LocknLock EJO316PIK/LBLU, 

Suzhou, China); and shade drying under a canopy with 

indirect sunlight for 48 h. The dried materials were 

subsequently ground into fine powder using a laboratory 

grinder (Ariete Universal PRO, Treviso, Italy) operated 

in 30 s on/off cycles until all particles passed through a 

40-mesh sieve. The resulting powders were stored in 

hermetically sealed containers at 4 °C to prevent 

moisture absorption and degradation prior to analysis. 

For real-sample application, each dried sample was 

extracted in triplicate using the optimized and validated 

ultrasound-assisted extraction (UAE). 

 

Determination of moisture content 

The moisture content of the safflower samples was 

determined gravimetrically using a Memmert U15 oven 

(Memmert GmbH + Co. KG, Schwabach, Germany), 

following the AOAC International method [27] with 

minor modifications. Prior to analysis, empty moisture 

dishes were dried in the oven at 105 °C for 24 h, cooled 

in a desiccator for 30 min, and weighed to a constant 

mass. Approximately 1.0 g of each ground safflower 

sample was placed into the pre-dried dish and 

subsequently dried in the oven at 105 °C for 24 h. The 

samples were then cooled in a desiccator and reweighed. 

The drying-cooling-weighing sequence was repeated 

until a constant weight was obtained, indicating 

complete removal of free moisture. The moisture 

content (%, wet basis) was calculated using Eq. (1).   

 

Moisture content (%, wet basis) =  
B − C

B −A
 × 100    (1)  
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where A is the weight of the empty dish (g), B is the 

weight of dish with the initial sample (g), and C is the 

weight of the dish with the sample after drying (g). 

 

Ultrasound-Assissted Extraction (UAE) 

Ultrasound-assisted extraction (UAE) of flavonoid 

glycosides from safflower was conducted using an 

ultrasonic processor (Sonopuls HD 4200, 20 kHz, 200 

W; Bandelin electronic GmbH & Co. KG, Berlin, 

Germany) equipped with a TS 104 titanium probe (4.5 

mm diameter). The extraction temperature was precisely 

controlled using a Frigiterm thermostatic system (J.P. 

Selecta, Barcelona, Spain) to maintain consistent 

thermal conditions throughout the process. The 

extraction parameters (solvent composition, solid-to-

liquid ratio, and temperature) were set according to the 

optimized experimental design. The total solvent 

volume was fixed at 20 mL, with ultrasonic power 

maintained at 50%, a pulse duty cycle of 1 s–1, and an 

extraction duration of 15 min. 

Upon completion of sonication, each mixture was 

transferred into centrifuge tubes and centrifuged at 

4,000 rpm for 10 min using a Centrifuge IP centrifuge 

(Selecta, Madrid, Spain) to separate solid residues. The 

supernatant was then diluted with deionized water to a 

final volume of 25 mL to ensure consistency among 

replicates. The resulting extracts were filtered through 

0.22 µm nylon syringe filters (FilterLab, Barcelona, 

Spain) prior to chromatographic injection. Finally, the 

filtered extracts were transferred into sealed amber vials 

and stored at 4 °C until UPLC-PDA analysis. 

 

Optimization of extraction parameters (Box-

Behnken design) 

A preliminary solvent screening was first 

conducted to identify the most efficient solvent for the 

recovery of flavonoid glycosides from safflower. Three 

solvents (water, methanol, and 50% methanol (v/v)) 

were evaluated under identical conditions using 0.5 g of 

ground sample and 20 mL of solvent. The extraction 

parameters were fixed at 30 °C, 50% ultrasonic power, 

a pulse duty cycle of 1 s–1, and an extraction time of 15 

min. The solvent yielding the highest extraction 

efficiency, expressed as the total chromatographic peak 

area of the target compounds, was selected for 

subsequent optimization. 

For systematic optimization, a Box-Behnken 

design (BBD), a three-level factorial design known for 

its efficiency in modelling non-linear relationships, was 

employed to assess the influence of key process 

variables on the extraction performance. Three 

independent variables were investigated: Solvent 

composition (A, % methanol in water), solid-to-liquid 

ratio (B, g mL–1), and extraction temperature (C, °C). 

Each variable was evaluated at 3 coded levels (–1, 0, 

+1), as summarized in Table 1, while all other 

conditions were kept constant as determined during 

solvent screening. The independent variables included 

in the Box-Behnken design, namely solvent 

composition, solid-to-liquid ratio, and extraction 

temperature, were selected based on preliminary 

screening experiments and literature evidence 

identifying these parameters as the primary factors 

governing extraction efficiency and analyte stability 

during ultrasound-assisted extraction [28,29]. Other 

experimental parameters, including ultrasonic 

amplitude, total solvent volume, sample particle size, 

and probe position, were maintained constant 

throughout the study. These parameters were either 

optimized during preliminary trials or fixed according to 

instrument specifications and previous validated 

protocols to minimize experimental variability and 

ensure reproducibility. By restricting the design to the 

most influential variables, the Box-Behnken approach 

enabled efficient and systematic optimization while 

avoiding confounding effects from secondary factors.
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Table 1 Independent variables and their respective levels for the Box-Behnken design. 

Variables Unit 
Level 

–1 0 +1 

Solvent composition (A) % methanol in water 10 30 50 

Solid-to-liquid ratio (B) g mL–1 0.5: 20 0.75: 20 1: 20 

Temperature (C) °C 30 50 70 

 

A total of 15 experimental runs, including three 

replicates at the center point, were conducted according 

to the BBD matrix to evaluate both the individual and 

interactive effects of the variables on the extraction 

yield. The response variable was defined as the total 

chromatographic peak area of the seven targeted 

flavonoid glycosides (Table 2). All experimental runs 

were performed in randomized order to minimize 

systematic bias and ensure statistical validity. 

After completing the experimental runs, the data 

were analyzed using Minitab version 21 (Minitab Ltd., 

Brandon Court, UK). A quadratic model was fitted to 

the response variable (Y) to describe the relationships 

among the independent factors. The general form of the 

second-order polynomial equation is given in Eq. (2). 

 

𝑌 =  𝛽0  + 𝛽1𝐴 + 𝛽2𝐵 + 𝛽3𝐶 + 𝛽12𝐴𝐵 + 𝛽13𝐴𝐶 + 𝛽23𝐵𝐶 +

 𝛽11𝐴2  + 𝛽22𝐵2  + 𝛽33𝐶2            (2) 

 

where Y denotes the dependent variable (the predicted 

total chromatographic peak area of flavonoid glycosides 

studied in safflower samples), while A, B and C 

represent the independent variables. The coefficient β0 

is the intercept, βi are the linear terms, βij are the 

interaction terms, and βii are the quadratic terms of the 

respective variables.

 

 

Table 2 Experimental matrix and observed responses of flavonoid glycosides obtained from the Box-Behnken design. 

Run A B C 
Response area (µV·s) 

Error* 
Observed Predicted 

1 –1 0 –1 12892135.31 12577859.88 2.50 

2 1 0 –1 16882392.53 16871744.99 0.06 

3 1 –1 0 17145402.07 16925901.25 1.30 

4 0 –1 1 13403582.69 13308808.08 0.71 

5 0 1 1 10727987.23 10497838.86 2.19 

6 0 0 0 13483434.77 12969854.86 3.96 

7 –1 0 1 10443645.56 10454293.10 0.10 

8 0 0 0 12565795.98 12969854.86 3.12 

9 0 0 0 12860333.82 12969854.86 0.84 

10 –1 –1 0 12359779.81 12443906.87 0.68 

11 0 1 –1 12727688.25 12822462.86 0.74 

12 1 1 0 15717619.57 15633492.51 0.54 

13 0 –1 –1 13495556.75 13725705.11 1.68 

14 –1 1 0 9802603.33 10022104.15 2.19 

15 1 0 1 15939515.31 16253790.74 1.93 

* Error calculated with respect to the predicted value. 
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Analysis of variance (ANOVA) was used to 

evaluate the statistical significance of the model terms 

and the adequacy of fit. The quality of the model was 

assessed through the determination coefficients (R², 

adjusted R², and predicted R²) and the lack-of-fit test. A 

non-significant lack-of-fit (p > 0.05) and a high R² value 

indicated an adequate fit of the model to the 

experimental data. Confirmatory experiments were 

subsequently performed to validate the predicted 

optimum and assess reproducibility. 

 

Assessment of extraction time 

The optimal extraction time was determined by 

monitoring the total concentration of flavonoid 

glycosides at different time intervals under the 

previously optimized conditions of solvent composition 

(A), solid-to-liquid ratio (B), and temperature (C) 

obtained from the response surface methodology 

(RSM). Extractions were performed at 5, 10, 15, 20, 25 

and 30 min to evaluate the temporal dynamics of analyte 

release and to establish the duration required to achieve 

maximum extraction efficiency. At each time point, 

aliquots of the extract were collected, processed, and 

analyzed using the validated UPLC-PDA-QDa method 

to quantify the targeted flavonoid glycosides. All 

experiments were conducted in triplicate to ensure 

reproducibility, and the results were expressed as mean 

± standard deviation. 

  

Identification of flavonoid glycosides 

Identification of flavonoid glycosides in safflower 

extracts was performed using an ultra-performance 

liquid chromatography system coupled with a 

photodiode array detector and a single quadrupole mass 

spectrometer (UPLC-PDA-QDa, Waters Corporation, 

Milford, MA, USA). Chromatographic separation was 

achieved on an ACQUITY UPLC BEH C18 column 

(1.7 µm, 2.1×100 mm; Waters Corporation), maintained 

at 47 °C to ensure reproducible retention and efficient 

peak resolution. The mobile phase consisted of solvent 

A (0.1% formic acid in water) and solvent B (0.1% 

formic acid in acetonitrile). Gradient elution was applied 

according to the following program (time, %B): 0 min, 

0%; 1 min, 10%; 3 min, 10%; 4 min, 10%; 4.5 min, 10%; 

5 min, 30%; 7 min, 30%; 8 min, 30%; 9 min, 100%; 12 

min, 100%; and 13 min, 0%. The flow rate was set at 0.6 

mL min–1, with an injection volume of 10 µL. Each 

analytical run was completed within 13 min, followed 

by a 13 min re-equilibration period to restore initial 

column conditions. Mass spectrometric detection was 

performed using an electrospray ionization (ESI) source 

operated in the negative ionization mode. The full-scan 

acquisition was set in the m/z range of 50 - 1,200 to 

enable detection of both low- and high-molecular-

weight flavonoid glycosides. Identification of individual 

compounds was based on their retention times, UV-

visible spectral characteristics, and mass fragmentation 

patterns obtained under the same chromatographic 

conditions. Data acquisition and processing were 

performed using Empower 3 software (Waters 

Corporation, Milford, MA, USA). This 

chromatographic system was specifically selected to 

support compound identification through the combined 

evaluation of retention time, UV-Vis spectral features, 

and mass spectral information under optimized 

ionization conditions. The resulting retention order and 

spectral characteristics were subsequently used as the 

reference framework for quantitative analysis. 

 

Determination of flavonoid glycosides 

Quantitative determination was performed using a 

complementary UPLC-PDA system under conditions 

optimized for UV-based detection. Importantly, the 

retention order of the flavonoid glycosides was 

consistent with that obtained from the UPLC-PDA-QDa 

identification workflow, enabling reliable transfer of 

compound identity between the two chromatographic 

systems. Quantitative determination of flavonoid 

glycosides in the safflower extracts obtained from the 

design of experiments (DOE) was performed using an 

ultra-performance liquid chromatography (UPLC) 

system (Waters Corporation, Milford, MA, USA) 

equipped with a photodiode array (PDA) detector. 

Chromatographic separation was achieved on an 

ACQUITY UPLC BEH C18 column (1.7 µm, 2.1×100 

mm; Waters Corporation), maintained at 47 °C to ensure 

consistent retention and peak resolution. The mobile 

phase consisted of solvent A (2% acetic acid in water) 

and solvent B (2% acetic acid in acetonitrile). Gradient 

elution was applied according to the following program 

(time, %B): 0 min, 0%; 1 min, 0%; 3 min, 5%; 4 min, 

10%; 4.5 min, 10%; 5 min, 20%; 7 min, 20%; 8 min, 

30%; 9 min, 100%; 12 min, 100%; and 13 min, 0%. 

After each analytical batch, the column was washed 
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with 100% solvent B for 7 min to remove retained 

compounds, followed by re-equilibration prior to the 

next injection. The flow rate was maintained at 0.4 mL 

min–1, and the injection volume was 10 µL. All samples 

were filtered through 0.22 µm nylon syringe filters 

(FilterLab, Barcelona, Spain) prior to injection to ensure 

clarity and prevent column clogging. 

Chromatographic data acquisition and processing 

were carried out using Empower 3 software (Waters 

Corporation). Spectral scanning was performed in the 

range of 210 - 600 nm, with quantification conducted at 

408 nm, corresponding to the maximum absorbance 

wavelength of the target quinochalcone glycosides. The 

selection of this wavelength was based on the 

assumption that the major flavonoid glycosides exhibit 

comparable chromophoric characteristics and molecular 

weights. Peak areas of the detected compounds were 

used as the analytical response for method optimization. 

Quantification was performed using an external 

calibration curve constructed with hydroxysafflor 

yellow A (HSYA) as the reference standard. HSYA was 

selected as a single external standard because the major 

quinochalcone glycosides exhibit similar chromophoric 

characteristics and strong absorbance at 408 nm. The 

results were expressed as milligrams of HSYA 

equivalents per gram of dry weight (mg HSYA eq g⁻¹ 

DW). Owing to the unavailability of individual 

reference standards for all targeted flavonoid 

glycosides, this approach provides comparative and 

semi-quantitative estimates, and potential differences in 

molar absorptivity and detector response among 

analytes should be considered. 

 

Method validation of UAE-UPLC-PDA 

The optimized analytical method for quantifying 

flavonoid glycosides in safflower extracts was validated 

in accordance with the International Council for 

Harmonisation (ICH) Guideline Q2 (R1) [30]. The 

validation covered key performance characteristics, 

including linearity, limit of detection (LOD), limit of 

quantification (LOQ), precision, accuracy, repeatability, 

and intermediate precision. Linearity was established by 

analyzing five concentration levels of the standard 

compound hydroxysafflor yellow A (HSYA), ranging 

from 5 to 30 mg L–1. Calibration curves were generated 

by plotting peak area against concentration, and linear 

regression analysis was performed to determine the 

correlation coefficient (R²), LOD, and LOQ. Both LOD 

and LOQ were calculated based on the standard 

deviation of the response (σ) and the slope of the 

calibration curve (S), using the equations LOD = 3.3σ/S 

and LOQ = 10σ/S, respectively. The coefficient of 

determination (R² = 0.9927) indicated good linearity for 

the UPLC-PDA-based quantification of flavonoid 

glycosides under the applied analytical conditions. 

Precision was evaluated at two levels, 

repeatability (intra-day) and intermediate precision 

(inter-day), and expressed as the coefficient of variation 

(CV, %). Repeatability was assessed by performing nine 

independent extractions on the same day (n = 9), 

whereas intermediate precision was determined by 

conducting three extractions per day across three 

consecutive days (n = 3×3). The method was deemed 

precise when the CV values were 10% or below. 

Accuracy of the ultrasound-assisted extraction 

(UAE) method was assessed through multiple extraction 

cycles and spike recovery tests to verify analyte 

recovery and method reliability. Extraction recovery (R, 

%) was determined from three consecutive extraction 

cycles performed under identical conditions. After each 

cycle, the supernatant was separated by centrifugation, 

filtered, and the residue re-extracted with fresh solvent. 

Flavonoid glycoside concentrations in each extract were 

quantified using the validated UPLC-PDA-QDa 

method, and cumulative recovery was obtained by 

summing the concentrations from all cycles. For spike 

recovery assessment, accuracy was further verified by 

comparing the total content of hydroxysafflor yellow A 

(HSYA) in spiked and unspiked samples. Known 

amounts of HSYA standard were added to pre-analyzed 

safflower extracts, and recoveries were calculated by 

comparing the measured concentration in the spiked 

sample (C_spiked) with the theoretical sum of the 

concentration of the unspiked sample (C_sample) and 

the added standard (C_added). The recovery percentage 

was determined according to Eq. (3). 

 

Recovery (%) =
𝐶spiked − 𝐶sample

𝐶added
× 100             (3) 

 

All experiments were performed in triplicate, and 

the results were expressed as mean ± standard deviation 

(SD). Recovery values within the range of 80% - 110% 
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were considered acceptable, indicating satisfactory 

method accuracy and efficient analyte extraction. 

 

Statistical analysis 

Statistical analyses were performed using Minitab 

version 21 (Minitab Ltd., Brandon Court, UK). A Box-

Behnken design (BBD) integrated with response surface 

methodology (RSM) was applied to evaluate the 

individual and interactive effects of extraction variables 

on flavonoid glycoside recovery. Model significance 

was assessed by one-way ANOVA, with differences 

considered significant at p < 0.05. Model adequacy was 

confirmed by a high coefficient of determination (R²) 

and a non-significant lack-of-fit test (p > 0.05). Fisher’s 

least significant difference (LSD) test at a 95% 

confidence level was used for multiple mean 

comparisons. All results were expressed as mean ± 

standard deviation (SD) from triplicate experiments. 

 

Results and discussion 

Validation of the UPLC-PDA-QDa method 

The developed UPLC-PDA-QDa method was 

validated in accordance with the International Council 

for Harmonisation (ICH) guideline Q2 (R1) [30] to 

ensure the reliability of detection and quantification. 

The UPLC-PDA method demonstrated consistent 

performance, providing sharp and symmetrical peaks 

with excellent baseline stability, confirming the 

system’s suitability for the analysis of quinochalcone-

type flavonoid glycosides. Hydroxysafflor yellow A 

(HSYA) was used as an external standard for 

calibration, given its prominence among safflower 

flavonoid glycosides and its structural similarity and 

molecular weight comparable to the other compounds 

detected. Quantification was conducted at 408 nm, 

corresponding to the maximum absorbance of HSYA 

and related chromophoric structures. 

A calibration curve for HSYA was established 

over the concentration range of 5 - 30 ppm, enabling 

precise quantification across the tested levels. The 

regression equation obtained was 𝑦 =  22135𝑥 −

 2765.7, with a determination coefficient (R²) of 0.9927, 

confirming excellent linearity within the studied range. 

The slope of the regression line reflected adequate 

analytical sensitivity, ensuring a strong and proportional 

detector response to increasing analyte concentration. 

The limit of detection (LOD) and limit of quantification 

(LOQ) for HSYA were determined to be 2.967 ppm and 

8.992 ppm, respectively, demonstrating the method’s 

capability to detect and accurately quantify analytes at 

low concentrations.  

The obtained R², LOD, and LOQ values fall well 

within the acceptable analytical performance criteria, 

confirming that the UPLC-PDA method is both 

sensitive and reliable for the quantitative estimation of 

HSYA and other structurally related flavonoid 

glycosides in safflower extracts. These results establish 

the method’s suitability as a validated analytical 

approach for subsequent compound identification and 

comparative quantification under varying sample 

conditions. 

 

Identification of flavonoid glycosides in 

safflower 

In UPLC analysis, acid modifiers play an essential 

role in adjusting the mobile-phase pH. Formic and acetic 

acids are commonly used to maintain pH stability, 

which is critical for achieving consistent retention times 

and well-shaped chromatographic peaks. Formic acid, 

being more volatile than acetic acid, is widely applied in 

mass-spectrometry-based detection because it readily 

evaporates, minimizes non-volatile residue 

accumulation in the ion source, and enhances both the 

stability and sensitivity of electrospray ionization 

[31,32]. Previous studies have also shown that 0.1% 

formic acid yields symmetric peaks in the analysis of 

quinochalcone C-glycosides and flavonoid O-

glycosides from Carthamus tinctorius [33]. In contrast, 

LC-UV employs acetic acid because of its lower UV 

absorbance and the absence of a requirement for 

volatility. Importantly, the difference between these acid 

modifiers does not significantly influence compound 

elution as long as the resulting mobile-phase pH is 

comparable. Moreover, variations in flow rate within the 

optimal range of 0.15 - 1.0 mL min–1, depending on 

analyte molecular weight, do not negatively affect 

separation performance [34].  

After confirming system suitability and validating 

the chromatographic performance of the method, the 

UPLC-PDA-QDa method was subsequently applied to 

identify individual flavonoid glycosides in safflower 

extracts. The chromatogram obtained at 408 nm (Figure 

1(a)) exhibited seven distinct and well-resolved peaks 

within a 7-min analytical run, confirming the method’s 
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capability to achieve efficient separation of structurally 

related compounds. The corresponding PDA spectra and 

mass spectral data (Figure 1(b)) provided 

complementary information for compound 

identification based on their characteristic UV-visible 

absorbance and deprotonated molecular ions ([M-H]⁻). 

Seven chromatographic peaks were consistently 

detected in safflower extracts. Among these, five 

flavonoid glycosides were confidently identified, 

namely hydroxysafflor yellow A (HSYA, m/z 611.35; 

RT 1.859 min), safflomin A (m/z 611.35; RT 2.841 

min), saffloroside (m/z 477.31; RT 3.232 min), safflor 

yellow B (m/z 1061.34; RT 5.384 min), and 

anhydrosafflor yellow B (m/z 1043.41; RT 5.465 min). 

HSYA and safflomin A were distinguished based on 

differences in retention time, PDA absorbance 

characteristics, and fragmentation behaviour, despite 

sharing identical m/z values. Their PDA absorption 

maxima around 408 nm and fragmentation profiles 

correspond well with previously published data for 

safflower extracts [35-37]. These compounds share a 

quinochalcone-type chromophore responsible for the 

characteristic yellow-orange pigmentation of safflower 

and exhibit similar glycosidic substitution patterns.  

Two additional peaks were tentatively assigned as 

HSYA-derived compounds (HSYA derivative 1 and 

HSYA derivative 2) based on comparable UV-Vis 

absorption features and mass spectral fragmentation 

patterns; however, definitive structural confirmation 

was not possible due to the lack of authentic reference 

standards and are therefore reported as tentatively 

identified HSYA-derived compounds. The consistent 

detection and reproducible retention times across 

replicate analyses further demonstrate the precision and 

stability of the chromatographic system. Collectively, 

the combined PDA and mass spectrometric data 

validated the method’s reliability for simultaneous 

identification and characterization of multiple flavonoid 

glycosides in safflower extracts.

 

 

(a) 

 

 

(b) 

  

1. Hydroxysafflor yellow A 

 

2. HSYA derivative 1 

 

3. Safflomin A 

 

4. Saffloroside 

    

    

MS [M–H]- 

m/z = 611.35 
MS [M–H]- 

m/z = 611.35 
MS [M–H]- 

m/z = 477.31 
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5. Safflor yellow B 6. Anhydrosafflor yellow B 7. HSYA derivative 2 

   

Figure 1 (a) UPLC-PDA chromatogram of safflower extract recorded at 408 nm showing seven detected chromatographic 

peaks under validated analytical conditions. (b) PDA absorption spectra and corresponding mass spectrometric 

information ([M-H]⁻) of the detected compounds. Five flavonoid glycosides were confidently identified based on 

retention time, PDA spectral characteristics, and mass spectrometric data, namely hydroxysafflor yellow A (HSYA, m/z 

611.35), safflomin A (m/z 611.35), saffloroside (m/z 477.31), safflor yellow B (m/z 1061.34), and anhydrosafflor yellow 

B (m/z 1043.41). Two additional peaks (peaks 2 and 7) exhibited similar chromophoric features and fragmentation 

patterns to HSYA and are therefore reported as tentatively identified HSYA-derived compounds due to the absence of 

authentic reference standards. 

 

 

Preliminary solvent screening  

Selecting an appropriate extraction solvent is 

essential for maximizing the recovery of flavonoid 

glycosides from safflower prior to UAE optimization. 

Solubility and solvent viscosity play critical roles in 

mass transfer and analyte diffusion, while the wide 

polarity range of phenolic compounds complicates 

solvent selection for complete recovery [38]. In 

safflower, the predominant phenolics are quinochalcone 

C-glycosides, which are highly polar and hydrophilic, 

whereas other constituents may contain less water-

soluble aglycone moieties and aromatic structures [9]. 

To address this variability, solvents with different 

polarities (water, methanol, and 50% methanol (v/v)) 

were evaluated to determine the most suitable medium 

for extracting all targeted flavonoid glycosides (Figure 

2).

 

 

Figure 1 Effect of solvent type (water, methanol, and 50% methanol v/v) on the extraction efficiency of seven flavonoid 

glycosides from Carthamus tinctorius L. extracts, expressed as total chromatographic peak area (×104 µV·s). Data 

represent mean ± SD (n = 3). 

 

The results demonstrated that 50% methanol 

provided the highest overall recovery for all seven 

flavonoid glycosides, significantly outperforming pure 

water and methanol. Hydroalcoholic mixtures are 
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generally more efficient for moderately polar or 

amphiphilic compounds, as the combination of water 

and methanol achieves balanced polarity that enhances 

solubilization and improves solvent penetration into 

plant tissues [39]. Water predominantly extracts 

hydrophilic compounds through hydrogen bonding, 

while methanol facilitates dissolution of less polar 

phenolics by engaging in both carbon-oxygen and 

oxygen-hydrogen interactions [40]. Consequently, their 

combination enhances overall extraction efficiency by 

improving both solubility and diffusivity of analytes 

within the matrix [41,42]. Similar behavior has been 

reported for phenolic extractions from Santolina 

chamaecyparissus L. [43], and Crocus sativus L. [44], 

where hydroalcoholic mixtures outperformed single 

solvents.  

As shown in Figure 2, 50% methanol yielded 

markedly higher peak areas for hydroxysafflor yellow A 

(HSYA) and its derivatives, as well as for safflomin A, 

saffloroside, and safflor yellow B, compared to pure 

solvents. This demonstrates that mixed solvent systems 

enhance the simultaneous recovery of both polar 

glycosides and partially hydrophobic components. 

Although 50% methanol exhibited the best performance 

in the initial screening, methanol concentration was 

further optimized in the subsequent response surface 

methodology (RSM) experiments to achieve maximal 

recovery of flavonoid glycosides under controlled UAE 

conditions. 

 

Effect of extraction variables on flavonoid 

glycoside recovery 

Evaluating the significance of individual 

extraction factors was essential to identify the variables 

that most strongly influenced flavonoid glycoside 

recovery and to guide subsequent optimization using 

response surface methodology (RSM). The analysis of 

variance (ANOVA) results is summarized in the Pareto 

chart of standardized effects (Figure 3). In this chart, 

each bar represents the magnitude of the standardized 

effect for each factor or interaction term. Bars crossing 

the reference line (t = 2.57, p < 0.05) indicate 

statistically significant effects on the response variable.

 

 

Figure 2 Pareto chart of standardized effects for the main, interaction, and quadratic terms of the ultrasound-assisted 

extraction (UAE) model on flavonoid glycoside recovery. Bars crossing the reference line (t = 2.57, p < 0.05) indicate 

statistically significant effects. 

 

As shown in Figure 3, the main effects of solvent 

composition (A), solid-to-liquid ratio (B), and 

temperature (C), as well as the quadratic effect of 

solvent composition (A²), had significant influences on 

flavonoid glycoside extraction efficiency. Among these, 

solvent composition exhibited the strongest positive 

effect, followed by solid-to-liquid ratio and temperature, 

demonstrating that solvent polarity is the most critical 

determinant of analyte recovery under UAE conditions. 

The high standardized effect value for factor A aligns 

with the validation results, where the UPLC-PDA 

method showed reliable quantification across varying 

methanol concentrations, confirming that solvent 

composition governs both extraction efficiency and 

analytical detectability. 
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The significant positive effect of solvent 

composition suggests that increasing methanol 

concentration within a moderate range enhances 

solubilization of flavonoid glycosides, consistent with 

earlier findings on phenolic extraction from Clitoria 

ternatea [17] and Arnica montana [45]. This trend 

reflects the role of solvent polarity in establishing 

affinity between the analytes and the solvent system 

[46]. Since safflower phenolics comprise both 

hydrophilic and weakly hydrophobic quinochalcone 

glycosides, an intermediate methanol ratio facilitates 

simultaneous dissolution of these components. 

In contrast, the solid-to-liquid ratio (B) displayed 

a negative effect, indicating that lower solid content 

(i.e., higher solvent volume) favors extraction yield. A 

similar inverse relationship has been reported for 

phenolic recovery from dried edible flowers [22] and 

flavonoids extraction from Melastoma malabathricum 

[47]. At low solvent volumes, high solution viscosity 

suppresses cavitation and restricts solvent penetration, 

while moderate dilution enhances mass transfer and 

cavitation intensity. However, excessively high solvent 

volume may promote excessive bubble collapse, which 

could degrade heat- and shear-sensitive compounds 

[38]. 

Extraction temperature (C) also exerted a negative 

effect at higher values, suggesting degradation of 

thermolabile analytes. Although mild heating (≤ 50 °C) 

enhances solvent diffusivity and reduces viscosity, 

excessive temperature can induce oxidative or structural 

decomposition of flavonoid glycosides [48]. 

Temperatures below 60 °C are thus recommended to 

maintain compound stability, consistent with previous 

reports for polyphenol extraction from Carthamus 

tinctorius L. [20], Clitoria ternatea [18], and Opuntia 

ficus-indica [L.] Mill. Flowers [49]. 

 

Optimization of UAE method 

The significant factors identified from the Pareto 

chart analysis were further optimized using a three-

factor, three-level Box-Behnken design (BBD) 

integrated with response surface methodology (RSM). 

RSM is a powerful statistical and mathematical 

approach that enables the modeling of linear, quadratic, 

and interaction effects of independent variables to 

identify the most favorable conditions for a desired 

response [50]. The model evaluated the individual and 

interactive effects of solvent composition (A), solid-to-

liquid ratio (B), and extraction temperature (C) on the 

total recovery of flavonoid glycosides. The results of the 

experimental runs and predicted responses are 

summarized in Table 2. While the predictive model 

derived from experimental data was fitted to a second-

order polynomial equation, as described in Eq. (4). 

 

𝑌 =  12969855 +  2523346𝐴 −  928553𝐵 −  685380𝐶 +  282348𝐴𝐵 +

 376403𝐴𝐶 −  476932𝐵𝐶 +  1118607𝐴2  −  332111𝐵2  −  49040𝐶2    (4) 

 

where Y represents the response of flavonoid glycosides 

(total area, µV.s), and A, B, and C denote solvent 

composition, solid-to-liquid ratio, and temperature, 

respectively.  

The adequacy of the model was confirmed through 

ANOVA, which produced a non-significant lack-of-fit 

(p = 0.651 > 0.05) and a high coefficient of 

determination (R² = 0.9875). These results demonstrate 

that the quadratic model effectively described the 

experimental data and possessed high predictive 

reliability for flavonoid glycoside recovery. The 

response surface plot (Figure 4) illustrates the 

combined effects of the three variables, revealing that 

extraction yield increased with solvent composition, but 

decreased at higher solid-to-liquid ratio and 

temperatures. The gradients in the color map visually 

represent this interaction, with red regions indicating 

higher extraction responses within the experimental 

domain. 

Beyond identifying the predicted optimum, the 

response surface plots provide insight into the relative 

influence and interaction of the extraction variables. 

Solvent composition exhibited the strongest positive 

effect on flavonoid glycoside recovery, as evidenced by 

the steep gradient and pronounced curvature of the 

response surface, indicating that moderate increases in 

methanol proportion substantially enhanced extraction 

efficiency. In contrast, the solid-to-liquid ratio showed a 

secondary but significant effect, where increasing 

solvent volume improved mass transfer up to an optimal 

level, beyond which the response plateaued. Extraction 

temperature displayed a curved response pattern, 

suggesting that mild heating facilitated solute diffusion, 

whereas higher temperatures led to reduced recovery, 

likely due to partial degradation of thermolabile 

quinochalcone glycosides. The interaction patterns 
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among variables further supports these trends. The 

curvature of the response surfaces indicates the presence 

of an optimal extraction region rather than a simple 

linear relationship, reflecting the combined effects of 

solvent polarity, mass transfer efficiency, and analyte 

stability under ultrasonic conditions.

 

 

Figure 3 Response surface plot illustrating the interactive effects of solvent composition (% MeOH in water), solid-to-

liquid ratio (g mL–1), and temperature (°C) on total flavonoid glycoside recovery from Carthamus tinctorius L. extracts. 

The color gradient represents the total peak area (×10⁷ µV·s) predicted by the RSM model. 

 

 

Based on the RSM-predicted model, the initial 

optimal conditions for maximizing total flavonoid 

glycoside recovery were 50% methanol, a solid-to-

liquid ratio of 0.5:20 g mL–1, and an extraction 

temperature of 30 °C, yielding a predicted total 

chromatographic area of 16,708,907 µV·s. 

Experimental validation conducted under these 

conditions produced a mean response of 15,960,070 

µV·s, corresponding to a deviation of only 4.48% from 

the predicted value, thereby confirming the model’s 

reliability. 

Because the predicted optimum was located at the 

boundary of the experimental range, an extended 

optimization was performed to evaluate conditions 

beyond the original BBD design. The refined optimum 

(50% methanol, 0.3:20 g mL–1, and 30 °C) yielded a 

higher total chromatographic area of 17,353,913 µV·s, 

representing an 8.73% improvement compared to the 

initial optimum. These findings suggest that extending 

the solvent-to-solid ratio beyond the designed range 

significantly enhanced analyte diffusion and extraction 

efficiency. The trend is consistent with the validated 

chromatographic method, which demonstrated linear 

detector response and robustness across variable 

concentrations, further supporting the reliability of both 

the extraction model and the analytical quantification 

system. 

 

Effect of extraction time 

Extraction time is a critical parameter in 

ultrasound-assisted extraction (UAE), as it determines 

the duration of cavitation exposure and diffusion 

between the solvent and the plant matrix. To determine 

the optimal duration for maximum recovery of 

flavonoid glycosides, extraction experiments were 

conducted under the RSM-optimized conditions (50% 

methanol, 0.3:20 g mL–1, and 30 °C) for 5, 10, 15, 20, 

25 and 30 min. The total concentrations of the seven 

identified flavonoid glycosides were quantified to 

evaluate the effect of extraction time on recovery 

(Figure 5).
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Figure 4 Effect of extraction time (5 - 30 min) on the total recovery of flavonoid glycosides from Carthamus tinctorius 

L. under the optimized ultrasound-assisted extraction conditions (50% methanol, 0.3:20 g mL–1, and 30 °C). Data are 

presented as mean ± SD (n = 3). 

 

 

The results revealed a rapid increase in extraction 

efficiency within the first 10 - 15 min, followed by a 

plateau and a slight decline beyond 20 min. This pattern 

reflects the typical diffusion-controlled behavior in 

solid-liquid extraction systems, where cavitation 

initially disrupts cell walls and facilitates the release of 

intracellular compounds into the solvent. After 

equilibrium between the solute concentrations in the 

solid and liquid phases is reached, further 

ultrasonication produces diminishing returns or even 

degradation of sensitive analytes [51]. 

At 15 min, the total chromatographic peak area 

reached its maximum value, indicating the point of 

equilibrium for flavonoid glycoside diffusion. 

Extending the extraction time beyond 20 min did not 

significantly increase recovery and, in some cases, 

resulted in a slight reduction in peak intensity, likely due 

to oxidative degradation of quinochalcone-type 

glycosides such as hydroxysafflor yellow A (HSYA) 

and safflor yellow B. Previous studies reported similar 

patterns in phenolic extractions from Tagetes erecta 

[52], where prolonged sonication caused decomposition 

of heat- and shear-sensitive compounds. Extended 

extraction can lead to thermal degradation of heat-

sensitive phenolics and promote the co-extraction or 

accumulation of undesirable compounds, thereby 

reducing extract quality [53]. The short extraction 

duration also aligns with the principle of green 

analytical chemistry, reducing solvent consumption and 

energy input while maintaining analytical reliability. 

Method validation 

After optimization of the UAE procedure through 

BBD-RSM, the extraction method was validated by 

evaluating precision and accuracy (Table 4). 

Repeatability was assessed by performing nine 

consecutive extractions under the optimized conditions 

within a single day (n = 9), while intermediate precision 

was evaluated through three extractions per day 

conducted over three separate days (n = 3×3). The 

coefficient of variation (CV, %) was used as an indicator 

of precision. As summarized in Table 4, CV values for 

both repeatability and intermediate precision were 10% 

or lower which falls well within the acceptance limits 

established by the ICH Guideline. These findings 

confirm that the developed UAE method provides 

excellent reproducibility and operational stability for the 

extraction of flavonoid glycosides. 

In terms of accuracy, recovery rates (R, %) were 

evaluated using a multi-cycle extraction approach, 

limited to a maximum of three cycles. The cumulative 

sum area from these extractions was used to estimate the 

overall concentration of the analytes in the samples. The 

recovery rates for flavonoid glycosides after the first 

cycle ranged from 90 to 100%, which is consistent with 

the acceptable limits defined by the ICH Guideline (80% 

- 110%). These results confirm that the developed UAE 

method provides reliable accuracy for the extraction of 

flavonoid glycosides. 

To further validate the method, analytical recovery 

was evaluated using the standard spiking approach, in 
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which pure HSYA standard was added to the sample 

extract. This approach allowed an accurate evaluation of 

UPLC quantification performance. The recovery of 

HSYA was calculated as 94.27%, which falls within the 

acceptable range specified by ICH Guideline (80% - 

110%). Together, these approaches ensured a 

comprehensive assessment of both analytical 

performance and extraction completeness.

 

Table 3 Accuracy and precision of UAE in seven flavonoid glycosides. 

Flavonoid glycosides 
Precision (CV, %) 

Recovery (%) 
Repeatability Intermediate precision 

HSYA 2.76 2.35 98.66 ± 0.15 

HSYA derivative 1 5.66 6.30 100.00 ± 0.00 

Safflomin A 4.13 2.46 98.63 ± 0.17 

Saffloroside 7.12 5.04 97.21 ± 0.52 

Safflor yellow B 10.15 8.66 97.44 ± 0.40 

Anhydrosafflor yellow B 2.87 2.89 98.71 ± 0.30 

HSYA derivative 2 9.00 7.83 97.54 ± 0.02 

 

Effect of drying methods on flavonoid glycoside 

content and composition 

Drying is a common preservation technique used 

to extend the shelf life of perishable plant materials; 

however, it often induces chemical and structural 

changes that can alter bioactive compounds [54]. Drying 

significantly influenced both the moisture content and 

the flavonoid glycoside composition of Carthamus 

tinctorius L. samples extracted using the validated 

UAE-UPLC-PDA-QDa-MS method. Among the tested 

methods, freeze drying resulted in the lowest residual 

moisture content (5.63 ± 0.25%), followed by hot-air 

drying (7.51 ± 0.07%) and shade drying (8.91 ± 0.12%). 

The differences were statistically significant (p < 0.05). 

The low moisture level observed in freeze-dried samples 

can be attributed to the sublimation of ice crystals under 

reduced pressure, which efficiently removes both free 

and bound water [55]. In contrast, the slower 

dehydration rate during shade drying, coupled with 

possible reabsorption of atmospheric moisture, led to 

higher final water content [56]. 

Previous studies on Dendrobium officinale flower 

tea reported that freeze drying most effectively 

preserved flavonoids, maintained anthocyanin stability, 

and retained phenolic acids, while air drying resulted in 

extracts with stronger antioxidant activity [57]. 

Generally, increasing drying temperature leads to a 

reduction in total phenolic and flavonoid contents due to 

thermal degradation [58]. 

Despite its superior drying efficiency, freeze 

drying did not produce the highest total flavonoid 

glycoside recovery. The total chromatographic area, 

representing the combined response of the seven 

flavonoid glycosides, was highest in freeze-dried 

samples, followed sequentially by hot-air-dried and 

shade-dried samples. The enhanced yield in freeze-dried 

safflower suggests that the method effectively preserves 

thermolabile compounds such as hydroxysafflor yellow 

A (HSYA) by minimizing oxidation and enzymatic 

degradation. Conversely, shade drying exhibited the 

lowest levels of flavonoid glycosides, likely due to 

oxidative and enzymatic degradation occurring during 

the prolonged drying period. However, in fact, 

glycosylated flavonoids are more resistant to heat than 

their aglycone forms [59].  

A closer examination of individual compound 

levels (Table 5) reveals distinct compositional trends. 

Freeze-dried samples contained the highest 

concentration of HSYA (10.86 ± 0.20 mg g–1 DW), 

confirming that low-temperature drying best preserves 

this heat-sensitive quinochalcone glycoside. HSYA 

degradation during hot-air drying (9.85 ± 0.09 mg g–1 

DW) is consistent with its known susceptibility to heat, 

light, and alkaline environments [60]. By operating 

under low pressure and temperature, freeze drying 

minimizes degradation of HSYA while protecting 

oxidizable substances [61]. However, the hot-air-dried 

samples exhibited higher levels of HSYA derivatives 
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and other related compounds, such as safflomin A (2.04 

± 0.04 mg HSYA eq g–1 DW), safflor yellow B (1.15 ± 

0.02 mg HSYA eq g–1 DW), and anhydrosafflor yellow 

B (1.72 ± 0.01 mg HSYA eq g–1 DW), compared to their 

freeze- and shade-dried counterparts. This indicates that 

moderate heating likely facilitated structural 

conversions and glycosidic rearrangements, enhancing 

the formation of derivative compounds [62].

 

Table 4 Levels of individual flavonoid glycosides across different drying methods of safflower. 

Flavonoid glycosides 
Drying methods 

Freeze drying Hot-air drying Shade drying 

HSYA (mg g–1 DW) 10.86 ± 0.20 9.85 ± 0.09 10.28 ± 0.19 

HSYA derivative 1* 0.01 ± 0.00 0.02 ± 0.00 ND 

Safflomin A (mg HSYA eq g–1 DW) 1.27 ± 0.03 2.04 ± 0.04 TR 

Saffloroside (mg HSYA eq g–1 DW) TR TR TR 

Safflor yellow B (mg HSYA eq g–1 DW) 0.89 ± 0.02 1.15 ± 0.02 TR 

Anhydrosafflor yellow B (mg HSYA eq g–1 DW) 1.21 ± 0.03 1.72 ± 0.01 0.86 ± 0.01 

HSYA derivative 2* 1.01 ± 0.00 1.19 ± 0.00 0.88 ± 0.01 

* Flavonoid glycoside levels were expressed as relative values to HSYA. TR: Trace (the value is between LOD and LOQ). 

ND: Not detected (< LOD).  

 

 

Despite the robustness of the optimized and 

validated UAE-UPLC-PDA-QDa workflow, several 

limitations should be acknowledged. Quantification of 

flavonoid glycosides was based on a single external 

standard (hydroxysafflor yellow A), and the reported 

values for other compounds are therefore expressed as 

HSYA equivalents. Consequently, the results should be 

interpreted as semi-quantitative, as differences in molar 

absorptivity and detector response among structurally 

distinct flavonoid glycosides may affect absolute 

concentration accuracy. These limitations define the 

applicability range of the method and should be 

considered when interpreting quantitative comparisons 

across different safflower samples. 

 

Conclusions 

A green, rapid, and validated ultrasound-assisted 

extraction (UAE) method combined with UPLC-PDA-

QDa was successfully developed for the quantitative 

determination of flavonoid glycosides in safflower 

(Carthamus tinctorius L.). The method demonstrated 

excellent linearity, precision, and accuracy in 

accordance with ICH Q2 (R1) Guidelines, confirming 

its suitability for the reliable extraction and 

quantification of quinochalcone-type compounds. 

Optimization using Box-Behnken response surface 

methodology revealed that solvent composition, solid-

to-liquid ratio, and temperature significantly affected 

extraction efficiency, with optimal conditions achieved 

at 50% methanol, 0.3:20 g mL–1, and 30 °C. Application 

of the validated method to safflower samples processed 

by different drying techniques showed that drying 

conditions strongly influence both the retention and 

transformation of flavonoid glycosides. Freeze drying 

best preserved native hydroxysafflor yellow A (HSYA), 

whereas hot-air drying induced partial conversion into 

glycosylated derivatives, maintaining relatively high 

total flavonoid yields. Shade drying resulted in the 

greatest losses due to oxidation and enzymatic 

degradation. These results highlight the importance of 

selecting appropriate post-harvest drying conditions to 

balance compound stability and extraction efficiency. 

Overall, the developed UAE-UPLC-PDA-QDa-MS 

method provides a robust analytical platform for 

assessing the impact of processing on safflower 

phytochemicals and can be readily applied for quality 

evaluation and process optimization in the production of 

functional food ingredients, natural colorants, and other 

value-added safflower-based products.  
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