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Abstract: Monascus purpureus is a promising microbial source of natural yellow pigments; however, 

citrinin contamination limits its application in food, pharmaceutical, and cosmetic products. This study aimed to 

optimize the production of low-citrinin yellow pigments from M. purpureus using rice-based solid-state 

fermentation and to characterize the optimized extract through LC–MS/PDA fingerprinting. A modified Central 

Composite Design under Response Surface Methodology was applied to evaluate the effects of NaNO₃, methionine, 

glycerol, fermentation temperature, and cultivation time on yellow pigment production and citrinin concentration. 

The optimal conditions were achieved without NaNO₃ supplementation, with 0.24% methionine and 2% glycerol, at 

a fermentation temperature of 28°C and a cultivation time of 16 days. Under these conditions, yellow pigment 

production reached 2,438.88 ± 46.04 OD units/g, while citrinin concentration decreased to 0.1801 ± 0.0082 mg/kg. 

Compared with the basal medium, these results represented a 2.22-fold increase in yellow pigment production and a 

52.91-fold reduction in citrinin concentration. LC–MS/PDA fingerprinting revealed multiple UV–Vis-active 

chromatographic features, supporting the chemical traceability of the optimized fermented extract without claiming 

definitive compound identification. These findings demonstrate that multi-response optimization of fermentation 
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conditions can improve both the productivity and safety profile of M. purpureus-derived yellow pigments for further 

development as natural colorants. 

Keywords: Monascus purpureus; Yellow pigment; Citrinin mitigation; Response surface methodology; 

Solid-state fermentation; LC–MS/PDA fingerprinting; Natural colorant. 

基于响应面法优化与 LC–MS 指纹图谱分析的 Monascus purpureus 

低桔霉素黄色素研究 

摘要：Monascus purpureus 是一种具有应用潜力的天然黄色素微生物来源；然而， 

桔霉素污染限制了其在食品、药品和化妆品中的应用。本研究旨在利用以大米为基质的固态

发酵优化 M. purpureus 低桔霉素黄色素的生产，并通过 LC–MS/PDA 

指纹图谱分析对优化后的提取物进行表征。本研究采用响应面法下的改良中心复合设计，评

估 

NaNO₃、蛋氨酸、甘油、发酵温度和培养时间对黄色素产量及桔霉素浓度的影响。最佳条件为

不添加 NaNO₃，添加 0.24% 蛋氨酸和 2% 甘油，发酵温度为 28°C，培养时间为 16 

天。在该条件下，黄色素产量达到 2,438.88 ± 46.04 OD units/g，而桔霉素浓度降低至 

0.1801 ± 0.0082 mg/kg。与基础培养基相比，黄色素产量提高了 2.22 

倍，桔霉素浓度降低了 52.91 倍。LC–MS/PDA 指纹图谱分析显示出多个具有 UV–Vis 

活性的色谱特征峰，支持了优化发酵提取物的化学可追溯性，但并不意味着对化合物进行了

确定性鉴定。研究结果表明，发酵条件的多响应优化能够提高 M. purpureus 

来源黄色素的产量和安全性，为其作为天然着色剂的进一步开发提供了依据。 

关键词：Monascus purpureus；黄色素；桔霉素控制；响应面法；固态发酵；LC–

MS/PDA 指纹图谱；天然着色剂。 

1. Introduction
Natural pigments produced by filamentous fungi

have received increasing attention as bio-based 

ingredients for food, pharmaceutical, and cosmetic 

applications, particularly in response to growing 

concerns regarding synthetic colorants and chemically 

derived additives [1]. Among pigment-producing 

fungi, Monascus purpureus has been extensively 

recognized as a valuable microbial platform because it 

produces structurally diverse azaphilone pigments, 

including yellow pigments such as monascin and 

ankaflavin, as well as orange and red derivatives. 

These pigments are not only relevant as natural 

colorants but also as functional metabolites with 

reported antibacterial, anti-inflammatory, anticancer, 

hepatoprotective, and metabolic-regulating properties 

[2–4]. In food systems, Monascus-derived pigments 

have been applied as additives, natural colorants, and 

potential substitutes for nitrite in meat products, 

whereas in pharmaceutical and cosmetic contexts their 

biological activities provide additional value beyond 

coloration [2]. Thus, M. purpureus fermentation 

represents an important intersection between microbial 

biotechnology, functional food development, and 

natural product-based ingredient innovation.  

The relevance of Monascus fermentation is further 

supported by earlier work on angkak or red mold rice, 

a traditional fermented rice product produced using 

Monascus mold. Angkak has historically been 

associated with food coloration and antioxidant 

potential, while rice-based fermentation provides a 

nutritionally suitable solid substrate for fungal growth 

and secondary metabolite production [5]. Previous 

studies reported that M. purpureus grown on rice can 
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generate yellow, orange, and red pigments, with the 

major pigments including monascorubrin and 

monascoflavin, and with angkak also reported to 

contain lovastatin [6]. Rice substrate characteristics 

may also influence biological activity. White rice 

generally contains approximately 20% amylose, 

whereas red and black rice contain anthocyanin-

related pigments and flavonoid compounds that can 

contribute to antioxidant activity. In a comparative 

study, antioxidant activity increased in white rice after 

fermentation from 18.40% to 21.24%, whereas red 

rice decreased from 39.50% to 22.20% and black rice 

slightly decreased from 46.20% to 45.01%, indicating 

that substrate pigmentation can alter the contribution 

of fungal and rice-derived metabolites to the final 

fermented product [7,8]. 

Despite this promising industrial and biological 

potential, the broader utilization of M. purpureus 

pigments remains constrained by the possible 

formation of citrinin, a polyketide mycotoxin that may 

occur during Monascus fermentation [9]. This safety 

issue is particularly critical when the fermented 

product is intended for use in food, nutraceutical, 

pharmaceutical, or cosmetic applications. The 

challenge is not merely to enhance pigment yield but 

to control the metabolic balance between desirable 

pigment biosynthesis and undesirable citrinin 

accumulation. Pigment and citrinin production are 

both influenced by fermentation conditions, including 

nutrient composition, carbon and nitrogen sources, 

amino acid supplementation, temperature, and 

cultivation time [10]. Therefore, fermentation 

processes that increase pigment intensity without 

considering citrinin may generate products with 

limited practical acceptability. This problem creates a 

need for optimization strategies that explicitly treat 

pigment production and citrinin reduction as 

interconnected but opposing response targets. 

A conventional one-factor-at-a-time approach is 

insufficient for this type of fermentation system 

because the relevant variables may interact nonlinearly 

and may exert different effects on pigment and toxin 

formation [9]. In the present research framework, 

yellow pigment production and citrinin concentration 

are considered simultaneous responses affected by 

NaNO₃, methionine, glycerol, fermentation 

temperature, and fermentation time. Each of these 

variables may alter fungal metabolism through 

nutrient availability, precursor flow, stress response, or 

cultivation kinetics. 

Response Surface Methodology (RSM), 

particularly when implemented using a Central 

Composite Design (CCD), provides an appropriate 

statistical framework for evaluating such multivariable 

fermentation systems. RSM allows linear, quadratic, 

and interaction effects to be modeled simultaneously, 

enabling prediction of optimal conditions using a 

reduced but informative experimental design. This 

approach is especially useful in microbial 

fermentation, where changes in medium composition 

and process parameters can alter both yield and safety-

related metabolites. Recent advances in Monascus 

pigment research have emphasized the need for 

fermentation optimization, omics-assisted 

interpretation, and stabilization strategies to address 

the gap between industrial demand and reliable 

pigment production [11]. In addition, metabolic 

engineering evidence shows that regulation of carbon 

metabolism can significantly influence yellow pigment 

biosynthesis; for example, overexpression of the 

carbon metabolism-related gene wrbA increased 

monascin and ankaflavin production by 25.6% and 

8.5%, respectively [12]. These findings indicate that 

pigment production is closely tied to metabolic 

regulation and should be optimized within a 

mechanistically informed fermentation framework. 

Beyond optimization of pigment yield, chemical 

characterization is required to support the quality and 

interpretability of fermented pigment products. LC–

MS/PDA profiling provides a useful analytical 

approach for describing the chromatographic 

fingerprint of fermented extracts, particularly when the 

product contains multiple UV–Vis-absorbing 

secondary metabolites. In the present study 

framework, LC–MS/PDA profiling is positioned as a 

supporting characterization method rather than 

definitive compound identification. Chromatograms 

monitored at 280, 350, 470, and 530 nm can represent 

different groups of chromophoric metabolites, while 

retention time, peak area, and relative area can 

indicate the complexity of the fermented extract [13]. 

However, because LC–MS/PDA data alone do not 

conclusively establish chemical identity without 

authentic standards and/or MS/MS confirmation, the 

appropriate interpretation is chemical fingerprinting or 

metabolite profiling. This cautious interpretation is 

important for maintaining analytical integrity and 

avoiding overclaiming in natural product research. 

Several studies provide a conceptual basis for 

combining fermentation optimization with biological 

and chemical profiling. Monascin and ankaflavin have 

shown hepatoprotective effects in mice after 6 weeks, 

including reductions in serum ALT/AST, triglycerides, 

and inflammatory cytokines such as TNF-α and IL-6, 

supporting their potential as anti-inflammatory and 

lipid-regulating agents [3]. In metabolic disorder 

models, oral administration of monascin and 

ankaflavin for 10 weeks significantly reduced blood 

glucose, insulin resistance, lipid accumulation, and 

inflammatory cytokines, indicating therapeutic 

relevance for diabetes and obesity-related conditions 

[4]. These bioactivities strengthen the rationale for 

improving yellow pigment production. Nevertheless, 

many studies emphasize either biological potential, 
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fermentation yield, or chemical composition 

separately. A research gap remains in integrating 

multi-response optimization for high yellow pigment 

and low citrinin with LC–MS/PDA-based profiling of 

the optimized fermented product. This gap is relevant 

because industrial feasibility depends not only on 

producing more pigment, but also on demonstrating 

safer fermentation outcomes and providing a 

reproducible chemical fingerprint. 

Therefore, this study aimed to optimize low-citrinin 

yellow pigment production by Monascus purpureus in 

rice-based solid-state fermentation using Response 

Surface Methodology with a modified Central 

Composite Design, and to characterize the fermented 

pigment extract using LC–MS/PDA profiling. The 

optimization considered NaNO₃, methionine, glycerol, 

fermentation temperature, and fermentation time as 

independent variables, while yellow pigment 

production and citrinin concentration were used as 

response variables. The novelty of this study lies in the 

simultaneous optimization of yellow pigment 

production and citrinin suppression in rice-based 

solid-state fermentation of Monascus purpureus, 

combined with LC–MS/PDA fingerprinting to provide 

chemical traceability of the optimized pigment extract. 

2. Methodology
2.1. Research Design and Optimization Strategy

This study was designed as a laboratory-based 

experimental investigation to optimize low-citrinin 

yellow pigment production by Monascus purpureus 

under rice-based solid-state fermentation. The 

methodological framework was established to evaluate 

pigment productivity and citrinin formation 

simultaneously, because these two responses represent 

different but interconnected aspects of fermentation 

performance. Yellow pigment production was treated 

as the desired response to be maximized, whereas 

citrinin concentration was treated as the safety-related 

response to be minimized. This design was consistent 

with the principle that fermentation optimization 

should not be based only on metabolite yield when a 

toxic secondary metabolite may also be produced. 

Response Surface Methodology (RSM) using a 

modified Central Composite Design (CCD) was 

therefore selected as the main optimization approach. 

RSM with CCD has been reported to effectively model 

multivariable fermentation systems using 

approximately 20–30 experimental runs, while 

maintaining high statistical reliability, often with R² 

values greater than 0.90 [14]. CCD also permits 

simultaneous estimation of linear, quadratic, and 

interaction effects, thereby improving process 

optimization compared with one-factor-at-a-time 

experimentation and reducing experimental cost by up 

to 60% in bioprocess studies [15]. 

The use of RSM was particularly appropriate 

because pigment biosynthesis and citrinin formation in 

M. purpureus are influenced by nutritional and

physical fermentation parameters that may interact

with each other. Previous RSM studies on M.

purpureus fermentation have shown that temperature

in the range of 25–32°C and cultivation time in the

range of 12–20 days significantly affect pigment

production, with polynomial models reaching R²

values above 0.95 [16]. In the present design, five

independent variables were evaluated: sodium

nitrate/NaNO₃, methionine, glycerol, fermentation

temperature, and fermentation time. Analytical-grade

NaNO₃, L-methionine, and glycerol were used as

nutrient supplements, while fermentation temperature

was controlled using a laboratory incubator. Food-

grade polished rice was used as the solid substrate for

fermentation.

The modified CCD consisted of 33 experimental 

runs, comprising 16 factorial/design points, four 

center-point replications, ten axial points, and three 

validation runs for the proposed optimum condition. 

The five independent variables were NaNO₃ (A), 

methionine (B), glycerol (C), fermentation 

temperature (D), and fermentation time (E). Yellow 

pigment production and citrinin concentration were 

selected as the two response variables. Yellow pigment 

production was set as the response to be maximized, 

whereas citrinin concentration was set as the response 

to be minimized. The center-point replications were 

included to estimate experimental variation and 

support model adequacy evaluation, while the 

validation runs were used to confirm the 

reproducibility of the proposed optimum condition. 

Temperature and fermentation time were included as 

physical fermentation parameters, with incubation 

controlled using a laboratory incubator (Memmert, 

Germany). These variables were selected because 

nitrogen sources, amino acids, carbon sources, 

temperature, and cultivation duration are known to 

regulate secondary metabolism in filamentous fungi.  

Nitrogen sources such as NaNO₃ and amino acids 

such as methionine may affect both pigment yield and 

mycotoxin production through metabolic pathway 

modulation [17], while carbon sources such as 

glycerol at 1–3% may enhance pigment biosynthesis 

by providing energy and precursors for polyketide 

synthesis, increasing pigment yield by up to 30% 

under optimized conditions [18]. Temperature and 

fermentation duration were also included because 

fermentation temperature of 25–30°C and cultivation 

time of 14–20 days have been reported to significantly 

influence pigment biosynthesis and citrinin formation, 

with longer fermentation increasing the risk of toxin 

accumulation [19]. 

The experimental factors and coded levels used in 

the modified CCD are shown in Table 1. Sodium 

nitrate/NaNO₃ (Sigma-Aldrich, United States) was 
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coded as factor A and evaluated at 0.00, 0.035, and 

0.07%. Methionine in the form of L-methionine 

(Sigma-Aldrich, United States) was coded as factor B 

and evaluated at 0.12, 0.24, and 0.36%. Glycerol 

(Sigma-Aldrich, United States) was coded as factor C 

and evaluated at 1.5, 2.0, and 2.5%. These analytical-

grade reagents were selected because they are 

commonly used in international laboratory-scale 

biochemical, microbiological, and fermentation 

research due to their standardized laboratory-grade 

quality. 

Fermentation temperature was coded as factor D 

and evaluated at 25, 28, and 31°C, while fermentation 

time was coded as factor E and evaluated at 14, 16, 

and 18 days. These physical fermentation conditions 

were controlled using a laboratory incubator 

(Memmert, Germany), The rice substrate used in the 

solid-state fermentation is food-grade polished rice 

obtained from a local commercial supplier, while all 

nutrient supplements were preferably of analytical 

grade to ensure reproducibility of the experimental 

treatments. 

The selected levels were intended to cover low, 

intermediate, and high conditions for each factor while 

remaining within a biologically relevant range for M. 

purpureus solid-state fermentation. Multi-factor 

statistical analysis has shown that fermentation time 

and temperature interactions may significantly affect 

citrinin formation, indicating that optimum conditions 

must balance metabolite productivity and product 

safety [20]. Solid-state fermentation systems using rice 

substrates are also influenced by moisture content, 

nutrient supplementation, and incubation time, which 

collectively determine pigment yield and metabolite 

diversity [21]. 

Table 1. Experimental factors and coded levels used 

in RSM optimization of yellow pigment production 

and citrinin reduction by Monascus purpureus. 

Factor Code 
Low 

Level 

Center 

Level 

High 

Level 

NaNO₃ (%) A 0.00 0.035 0.07 

Methionine (%) B 0.12 0.24 0.36 

Glycerol (%) C 1.5 2.0 2.5 

Fermentation 

temperature (°C) 

D 25 28 31 

Fermentation time 

(days) 

E 14 16 18 

The main responses were yellow pigment 

production and citrinin concentration. Yellow pigment 

production was expressed as OD units/g, whereas 

citrinin concentration was expressed as mg/kg. The 

optimization objective was to obtain the highest 

feasible yellow pigment response while reducing 

citrinin concentration to the lowest possible level. 

Controlled variables included the rice substrate type, 

substrate weight, M. purpureus strain, inoculum 

amount, initial moisture content, sterilization 

conditions, drying time, extraction procedure, pigment 

analysis method, and citrinin analysis method. 

Maintaining these conditions was necessary to ensure 

that observed response changes were attributable 

primarily to the five independent variables specified in 

the RSM design. 

2.2. Solid-State Fermentation and Pigment 

Extraction Workflow 

The experimental workflow was structured to 

produce reproducible fermented samples for pigment 

and citrinin analysis. The process began with culture 

rejuvenation of M. purpureus on Potato Dextrose Agar 

(BD Difco, United States), followed by inoculum or 

spore suspension preparation using sterile distilled 

water and sodium chloride (Sigma-Aldrich, United 

States). 

Rice substrate was prepared using food-grade 

polished rice obtained from a local commercial 

supplier and sterilized prior to nutrient 

supplementation. Sodium nitrate/NaNO₃, L-

methionine, and glycerol (Sigma-Aldrich, United 

States) were added according to the CCD treatment 

combinations. After nutrient supplementation, the 

substrate was inoculated with M. purpureus and 

incubated under the specified temperature and time 

conditions using a laboratory incubator (Memmert, 

Germany). 

The use of rice as a substrate was consistent with 

the broader application of solid-state fermentation for 

Monascus pigment production, where substrate 

characteristics and nutrient supplementation determine 

pigment formation and metabolite diversity [21]. After 

fermentation, the fermented substrate was dried using 

a drying oven (Memmert, Germany), then ground and 

homogenized using a laboratory grinder (IKA, 

Germany) to obtain a stable dry powder for 

downstream analysis. 

Pigments were then extracted from the powdered 

fermented material using analytical-grade ethanol 

(Sigma-Aldrich, United States) prior to UV–Vis 

determination. The yellow pigment response was 

quantified spectrophotometrically using a UV–Vis 

spectrophotometer (Shimadzu, Japan) and expressed 

as OD units/g. 

2.3. Citrinin Determination and Analytical 

Considerations 

Citrinin was quantified as the principal safety-

related response of the fermentation process. In the 

present study, citrinin concentration was determined 

using high-performance liquid chromatography 

(HPLC) with an authentic citrinin standard, following 

the analytical procedure described in the initial 

experimental design [18]. This method was used as the 

primary quantitative approach, whereas LC–MS/PDA 

analysis was applied separately for chromatographic 
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fingerprinting of fermented pigment extracts [19]. 

Therefore, citrinin quantification and LC–MS/PDA 

fingerprinting were treated as two distinct analytical 

components in this study. 

For citrinin analysis, dried fermented rice powder 

was extracted using an appropriate organic solvent, 

followed by filtration through a membrane filter 

before chromatographic injection [18]. Citrinin 

concentration was calculated from a calibration curve 

prepared using an authentic citrinin standard and 

expressed as mg/kg dry fermented substrate [18]. The 

use of standard-based chromatographic quantification 

was intended to ensure that citrinin was evaluated as a 

quantitative safety-related response in the RSM model 

[20]. 

The analytical performance of the citrinin method 

was evaluated based on linearity, calibration range, 

limit of detection (LOD), limit of quantification 

(LOQ), recovery, and precision where available 

[18,21]. These parameters were included to improve 

transparency of the citrinin measurement because 

citrinin reduction was one of the main optimization 

targets in this study [20]. The optimized citrinin value 

was therefore interpreted as a laboratory-scale 

quantitative result supporting comparative process 

optimization, rather than as a regulatory certification 

value for a finished commercial product [22]. The data 

showed in Table 2. 

Table 2. Analytical validation parameters for 

citrinin quantification 
Parameter Description or value 

Analytical method HPLC 

Standard compound Authentic citrinin standard 

Calibration range 0.05–10.0 mg/L 

Regression equation y = 12543x + 1821 

Coefficient of determination (R²) 0.9993 

Limit of detection (LOD) 0.015 mg/L 

Limit of quantification (LOQ) 0.050 mg/L 

Recovery (%) 96.8 ± 2.7% 

Precision Intra-day RSD = 3.2%; Inter-

day RSD = 4.8% 

Sample matrix Dried fermented rice substrate 

Reporting unit mg/kg dry fermented substrate 

2.4. RSM Modeling, Multi-Response Optimization, 

and Validation 

The experimental responses were analyzed using 

Response Surface Methodology (RSM) based on a 

modified Central Composite Design (CCD), which is 

widely applied for process optimization and evaluation 

of interaction effects among multiple variables 

[20,21]. The independent variables were coded as A 

for NaNO₃, B for methionine, C for glycerol, D for 

fermentation temperature, and E for fermentation time. 

Yellow pigment production was defined as Y₁ and 

expressed as OD units/g, whereas citrinin 

concentration was defined as Y₂ and expressed as 

mg/kg. The experimental design consisted of 33 runs, 

including factorial/design points, center-point 

replications, axial points, and validation runs for the 

proposed optimum condition. The center-point 

replications were used to estimate experimental 

variation and experimental error, while the validation 

runs were conducted to evaluate the reproducibility 

and predictive capability of the optimized condition 

[20,21]. 

The responses were fitted using a second-order 

polynomial model to evaluate the linear, quadratic, and 

interaction effects of the fermentation variables. The 

general model used for yellow pigment production and 

citrinin concentration was expressed as follows 

[20,21]: 

𝑌2 =  𝛽0 +  𝛽1𝐴 + 𝛽2𝐵 + 𝛽3𝐶 +  𝛽4𝐷 +
𝛽5𝐸 + 𝛽11𝐴2 +  𝛽22𝐵2 +  𝛽33𝐶2 + 𝛽44𝐷2 +
𝛽55𝐸2 +  𝛽12𝐴𝐵 +  𝛽13𝐴𝐶 +  𝛽14𝐴𝐷 + 𝛽15𝐴𝐸 +
 𝛽23𝐵𝐶 +  𝛽24𝐵𝐷 +  𝛽25𝐵𝐸 +  𝛽34𝐶𝐷 +  𝛽35𝐶𝐸 +
 𝛽45𝐷𝐸

where Y represents the predicted response, β₀ is the 

intercept coefficient, β₁–β₅ are the linear coefficients, 

β₁₁–β₅₅ are the quadratic coefficients, β₁₂–β₄₅ are the 

interaction coefficients, and A–E represent the coded 

independent variables. Separate models were 

generated for yellow pigment production and citrinin 

concentration. 

Model adequacy was evaluated using analysis of 

variance (ANOVA), model p-value, lack-of-fit test, 

coefficient of determination (R²), adjusted R², 

predicted R², and residual analysis [20,21]. A model 

was considered acceptable when the model p-value 

indicated statistical significance (p < 0.05), the lack-

of-fit was not significant, and the difference between 

adjusted R² and predicted R² remained within an 

acceptable range. These statistical parameters were 

used to assess whether the fitted model adequately 

described the experimental response within the studied 

design space. 

2.5. LC–MS/PDA Profiling of Fermented Pigment 

Extracts 

LC–MS/PDA profiling was performed as a 

supporting chemical characterization method to obtain 

chromatographic fingerprints of fermented pigment 

extracts. The analysis focused on two Monascus 

purpureus specimens, namely BRIN-A and BRIN-B. 

For BRIN-A, the LC–MS/PDA method used a 

Cosmosil 5C18-MS-II column, water with 0.1% 

formic acid as eluent A, acetonitrile with 0.1% formic 

acid as eluent B, a flow rate of 0.5 mL/min, gradient 

elution, PDA detection at 190–800 nm, a column oven 

temperature of 40°C, and an injection volume of 10 

μL. The interface was ESI operated in positive and 

negative modes, with an m/z range of 200–700, 

desolvation line temperature of 250°C, nebulizing gas 

flow of 3 L/min, heat block temperature of 400°C, and 
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drying gas flow of 15 L/min. The sample was 

dissolved in 1 mL methanol and filtered through a 0.22 

μm PTFE membrane filter prior to injection. 

For BRIN-B, the same column, mobile phase, flow 

rate, gradient program, PDA range, oven temperature, 

ESI interface, MS mode, and m/z range were used, 

although the injection volume was 1 μL. 

Chromatograms were monitored at 530, 470, 350, and 

280 nm to represent different groups of UV–Vis-

absorbing metabolites. 

The LC–MS/PDA data were interpreted as 

chromatographic fingerprints rather than definitive 

compound identification. This terminology was used 

because retention time, peak area, PDA wavelength, 

and mass spectral signals provide evidence of 

metabolite features but do not fully establish chemical 

identity without authentic standards and/or MS/MS 

confirmation. Thus, the LC–MS/PDA profile 

strengthened the methodological framework by 

demonstrating that the optimized fermented extracts 

from BRIN-A and BRIN-B contained multiple 

detectable secondary metabolite features, while 

maintaining analytical caution in interpretation. 

To avoid overinterpretation, LC–MS/PDA results 

were reported using feature-based terminology. Peaks 

observed in the chromatograms were described as 

“chromatographic features,” “UV–Vis-active 

features,” “chromophoric features,” or “tentative 

metabolite features.” No peak was assigned as a 

definitively identified compound unless supported by 

authentic reference standards, MS/MS fragmentation 

evidence, or reliable database-supported confirmation. 

Therefore, the LC–MS/PDA data were used to support 

chemical fingerprinting and traceability of the 

fermented pigment extracts rather than definitive 

structural identification. 

3. Results
3.1 Experimental Response and Optimization

Outcomes

The modified CCD generated 33 experimental 

runs to evaluate the effects of NaNO₃, methionine, 

glycerol, fermentation temperature, and cultivation 

time on yellow pigment production and citrinin 

concentration. The design included factorial/design 

points, center-point replications, axial points, and 

validation runs for the proposed optimum condition. 

The center-point runs were used to observe response 

variability under the central condition, whereas the 

validation runs were conducted under the selected 

optimum condition to confirm the reproducibility of 

the predicted response. The validated optimum 

condition is summarized in Table 3. 

Table 3. Summary of the modified CCD structure 

used for RSM optimization 

Design 

component 

Number 

of runs 

Purpose 

Factorial/design 

points 

16 To evaluate combined high and 

low factor-level effects 

Center-point 

replications 

4 To estimate experimental 

variation and assess model 

adequacy 

Axial points 10 To evaluate curvature effects of 

individual variables 

Validation runs 3 To confirm the selected 

optimum condition 

Total runs 33 Complete modified CCD and 

validation structure 

The experimental results demonstrated that the 

modified Central Composite Design under Response 

Surface Methodology provided a suitable framework 

for evaluating the simultaneous production of yellow 

pigment and suppression of citrinin in Monascus 

purpureus solid-state fermentation. The optimization 

was structured around five fermentation variables, 

namely NaNO₃, methionine, glycerol, fermentation 

temperature, and fermentation time, while the 

responses were yellow pigment production and citrinin 

concentration. This response structure was important 

because the fermentation system was not directed only 

toward maximizing pigment yield, but also toward 

controlling citrinin as a toxic secondary metabolite. 

Such a dual-response approach is consistent with 

recent optimization studies showing that enriched-

substrate fermentation may improve pigment 

production while maintaining citrinin below detectable 

levels, as reported by Moradi and Mortazavi [24], who 

obtained 4.85 g pigment extract and 26.15 g/L biomass 

yield under optimized M. purpureus fermentation 

conditions. 

The optimum condition obtained in the present 

study was achieved without NaNO₃ supplementation, 

with 0.24% methionine, 2% glycerol, fermentation 

temperature of 28°C, and cultivation time of 16 days. 

Under this optimized condition, yellow pigment 

production reached 2,438.88 ± 46.04 OD units/g, 

whereas citrinin concentration decreased to 0.1801 ± 

0.0082 mg/kg. These values indicate that the 

optimized fermentation condition successfully 

improved the desired pigment response while 

suppressing the undesirable citrinin response. 

Compared with the basal medium, yellow pigment 

production increased by 2.22-fold, whereas citrinin 

concentration decreased by 52.91-fold. Similar trends 

have been reported in previous integrated optimization 

studies, where mutation-based optimization increased 

orange pigment production from 108 U/mL to 180 

U/mL, representing a 66.7% increase, while reducing 

citrinin by 69% [11]. Therefore, the present result 

supports the view that optimization strategies should 

be evaluated through both productivity and safety 

outcomes. 
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Table 4. Experimentally validated optimum 

condition for low-citrinin yellow pigment 

production by Monascus purpureus 

Parameter 
Optimized conditions or 

response 

NaNO₃ 0% 

Methionine 0.24% 

Glycerol 2% 

Fermentation temperature 28°C 

Fermentation time 16 days 

Yellow pigment production 2,438.88 ± 46.04 OD units/g 

Citrinin concentration 0.1801 ± 0.0082 mg/kg 

Yellow pigment increases vs. 

basal medium 

2.22-fold 

Citrinin reduction vs. basal 

medium 

52.91-fold 

The experimental validation confirmed the 

reliability of the optimized condition. Validation was 

conducted using three experimental replications, and 

the observed values remained consistent with the 

optimized response, yielding 2,438.88 ± 46.04 OD 

units/g yellow pigment and 0.1801 ± 0.0082 mg/kg 

citrinin. This agreement suggests that the selected 

factor combination was stable within the experimental 

domain. The achieved yellow pigment value was 

substantially higher than the pigment yield reported 

for some agricultural waste-based solid-state 

fermentation systems, such as the 25.42 OD units/g 

obtained from optimized corncob substrate 

fermentation [25], although direct comparison should 

be made cautiously because pigment units, substrate 

composition, extraction conditions, and strain 

characteristics may differ among studies. 

Nevertheless, the magnitude of response improvement 

supports the effectiveness of the present multi-variable 

strategy. Nutritional optimization has also been shown 

to increase pigment production up to 3,532 U/g, 

corresponding to an 18.69-fold improvement over 

untreated substrate, further indicating that pigment 

production in Monascus fermentation is highly 

responsive to medium and process optimization (Chen 

et al., 2023). 

3.2. Model Fitting and ANOVA Results 

The fitted RSM models were evaluated using 

analysis of variance to determine the statistical 

significance and adequacy of the models for yellow 

pigment production and citrinin concentration. Model 

significance was assessed using the model p-value, 

whereas model reliability was evaluated based on 

lack-of-fit, R², adjusted R², predicted R², and residual 

distribution. The ANOVA and model-fit statistics are 

summarized in Table 5. 

A significant model p-value indicated that the 

selected fermentation variables contributed to the 

observed response variation. A non-significant lack-of-

fit suggested that the model adequately represented the 

experimental data within the studied design space. The 

coefficient of determination (R²), adjusted R², and 

predicted R² were used together to evaluate the 

explanatory and predictive capacity of the models. The 

final fitted models were then used to support response 

prediction and multi-response optimization. 

The fitted quadratic models for yellow pigment 

production and citrinin concentration were statistically 

significant (p < 0.05), while the lack-of-fit tests were 

not significant (p > 0.05), indicating adequate model 

fitting. The coefficients of determination (R²) were 

higher than 0.95 for both responses, demonstrating 

that the models explained most of the observed 

variability. Furthermore, the relatively close agreement 

between adjusted R² and predicted R² values 

confirmed the satisfactory predictive capability of the 

developed response surface models. 

Table 5. ANOVA and model-fit statistics for the fitted RSM models 

Response 
Model 

p-value

Lack-of-fit p-

value 
R² Adjusted R² Predicted R² Model interpretation 

Yellow pigment 

production 

<0.0001 0.2847 0.9645 0.9326 0.8918 Significant, adequate, 

and predictive 

Citrinin concentration 0.0003 0.4135 0.9512 0.9074 0.8649 Significant, adequate, 

and predictive 

3.3. Effect of Fermentation Variables 

The response pattern indicated that removal of 

NaNO₃ was favorable for yellow pigment production 

under the optimized condition. Although nitrogen is 

required for fungal growth, the result suggests that 

inorganic nitrogen supplementation at the tested 

levels did not support the most favorable balance 

between pigment biosynthesis and citrinin 

suppression. Previous studies have shown that 

nitrogen sources and amino acid supplementation can 

strongly modify pigment biosynthesis and gene 

expression related to polyketide pathways in 

Monascus fermentation (Chen et al., 2023). Nitrogen 

source selection has also been reported to influence 

pigment production quantitatively, with yeast extract 

producing 1.084 units/g yellow pigment and 0.616 

units/g red pigment in optimized fermentation 

systems (Velmurugan et al., 2020). In the present 

study, the absence of NaNO₃ in the optimum 

condition suggests that the rice-based substrate and 

other supplements may have provided a more suitable 

metabolic environment for yellow pigment formation. 

Based on the response pattern, fermentation 

temperature and cultivation time appeared to be the 

dominant physical variables affecting yellow pigment 

production. Pigment formation increased up to an 
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optimum region, whereas excessive temperature or 

prolonged cultivation reduced the productivity–safety 

balance. Citrinin formation tended to increase with 

longer cultivation time, particularly under less 

favorable temperature conditions. Methionine and 

moderate-to-high temperature conditions contributed 

to citrinin suppression, but these factors needed to be 

balanced to avoid reducing yellow pigment 

production. 

Figure 1. Response surface and overlay contour analysis of yellow pigment production and citrinin formation in 

Monascus purpureus solid-state fermentation. (A) Effect of fermentation temperature and cultivation time on 

yellow pigment production under fixed nutrient conditions: NaNO₃ 0%, methionine 0.24%, and glycerol 2%. (B) 

Effect of fermentation temperature and cultivation time on citrinin concentration under the same nutrient conditions. 

(C) Overlay contour plot showing the selected optimum region balancing high yellow pigment production and low

citrinin formation. 

The interaction between fermentation temperature 

and cultivation time is further illustrated in Figure 1. 

The response surface plot for yellow pigment 

production (Figure 1A) shows a clear optimum region 

at approximately 28°C and 16 days, where pigment 

yield reaches its maximum. In contrast, the citrinin 

response surface (Figure 1B) demonstrates that higher 

temperatures and prolonged fermentation tend to 

increase citrinin accumulation. The overlay contour 

plot (Figure 1C) highlights the optimal balance 

between these two responses, indicating a narrow 

process window where pigment production is 

maximized while citrinin formation is minimized. 

This result confirms that fermentation parameters 

must be simultaneously controlled to achieve both 

productivity and safety in Monascus purpureus solid-

state fermentation. 

Methionine at 0.24% represented the optimum 

intermediate level in the present fermentation system. 

This finding indicates that methionine may support 

pigment biosynthesis when supplied at a balanced 

concentration, whereas lower or higher levels may be 

less favorable for the combined objective of pigment 

enhancement and citrinin reduction. The role of 

amino acids in fungal secondary metabolism is 

biologically plausible because amino acid 

supplementation can regulate carbon-nitrogen balance 

and influence the expression of biosynthetic genes. In 

previous Monascus studies, amino acids and nitrogen 

sources were reported to alter pigment formation and 

regulate genes involved in polyketide biosynthesis 

pathways [26]. Thus, the response obtained here 

suggests that 0.24% methionine may provide a 

suitable metabolic signal or nutrient contribution for 

maintaining yellow pigment production while 

avoiding excessive citrinin accumulation. 

Glycerol at 2% was identified as the optimum 

carbon source level in the model. This finding is 

consistent with the broader understanding that carbon 

sources influence fungal pigment production by 
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altering energy supply and precursor availability. 

Carbon sources such as mannitol have been shown to 

enhance pigment formation through regulation of the 

Embden-Meyerhof-Parnas pathway and tricarboxylic 

acid cycle, thereby increasing the availability of 

acetyl-CoA and malonyl-CoA for polyketide 

biosynthesis [26]. Although glycerol and mannitol 

differ chemically, both can function as carbon sources 

that influence central metabolism and downstream 

secondary metabolite production. The present result 

therefore suggests that 2% glycerol provided 

sufficient carbon availability to support pigment 

synthesis without promoting citrinin accumulation 

beyond the optimized low level. 

Fermentation temperature and cultivation time 

were also decisive variables. The optimum 

temperature of 28°C was located within the moderate 

range tested in this study and appears to provide a 

balanced condition for yellow pigment production 

and citrinin suppression. The selected fermentation 

time of 16 days similarly represented an intermediate 

cultivation duration, suggesting that prolonged 

fermentation beyond this point may not provide 

additional benefit when citrinin control is considered. 

Previous evidence shows that fermentation duration 

strongly affects metabolite production, with pigment 

levels increasing after 5–9 days while citrinin may 

peak earlier, indicating that time optimization is 

critical for balancing productivity and safety [27]. 

Therefore, the 28°C and 16-day optimum obtained 

here supports the conclusion that physical process 

control is as important as nutrient composition in 

low-citrinin pigment fermentation.  

 

3.4. LC–MS/PDA Profiling Results 

LC–MS/PDA profiling was performed to 

characterize the chromatographic fingerprint of 

fermented pigment extracts, particularly samples 

BRIN-A and BRIN-B. All chromatographic peaks 

reported in this section are therefore interpreted as 

metabolite-related features rather than confirmed 

chemical identities. The analysis was not used to 

claim definitive compound identification, but rather 

to provide evidence of chromatographic complexity 

and metabolite feature distribution. LC–MS and 

related chromatographic methods have been used 

previously to validate fermentation product quality, 

including pigment purity and chemical composition, 

while HPLC has been used to support low-citrinin 

evaluation [24]. In another optimized fermentation 

study, LC–MS profiling combined with 

chromatographic analysis revealed pigment purity of 

91.9% and distinct metabolite patterns, indicating that 

chromatographic fingerprinting can differentiate 

optimized and control fermentation products [24]. In 

the present study, the chromatograms were monitored 

at 280, 350, 470, and 530 nm to represent different 

groups of UV–Vis-absorbing metabolites. 

For BRIN-A, the LC–MS/PDA chromatograms 

recorded at 530, 470, 350, and 280 nm are shown in 

Figure 2. At 280 nm, 23 major peaks were listed, 

indicating a complex UV-absorbing metabolite 

profile. The largest peak at 280 nm appeared at 

retention time 12.3 min, with peak area of 2,287,284 

and relative area of 16.9%. Other notable peaks at 

280 nm included tR 8.5 min with an area of 1,095,147 

and relative area of 8.1%, tR 13.7 min with an area of 

891,564 and relative area of 6.6%, and tR 27.8 min 

with an area of 973,082 and relative area of 7.2%. At 

350 nm, the sample also showed several 

chromophoric features, including tR 11.7 min with 

peak area of 801,528 and relative area of 17.1%, tR 

13.8 min with peak area of 716,900 and relative area 

of 15.3%, and tR 22.0 min with peak area of 487,551 

and relative area of 10.4%. These results indicate that 

BRIN-A contained both early- and late-eluting UV–

Vis-active metabolite features. 

For BRIN-B, chromatographic features were 

dominated by early eluting peaks. At 280 nm, the two 

largest peaks appeared at tR 2.618 and 2.776 min, 

with peak areas of 11,912,650 and 12,262,133, 

respectively. Their relative areas were 34.329% and 

35.336%, indicating that these two early-eluting 

features accounted for most of the detected 280 nm 

chromatographic response. An additional abundant 

peak appeared at tR 3.358 min, with peak area of 

4,474,939 and relative area of 12.895%, while a later 

peak appeared at tR 26.127 min with peak area of 

3,147,391 and relative area of 9.070%. At 470 nm, 

BRIN-B showed dominant visible-light-absorbing 

features at tR 2.619 and 2.790 min, with peak areas of 

1,299,789 and 1,262,047 and relative areas of 

44.763% and 43.464%, respectively. A third 470 nm 

peak appeared at tR 3.352 min, with peak area of 

337,331 and relative area of 11.617%. These results 

suggest that BRIN-B contained strongly concentrated 

early eluting UV- and visible-light-absorbing 

chromatographic features. 

The LC–MS/PDA data support the use of 

chromatographic fingerprinting as a complementary 

result in Monascus fermentation studies. LC–MS-

based metabolomic analysis has been reported to 

reveal multiple secondary metabolites, including 

pigments and biosynthetic intermediates, and is 

therefore useful as a comprehensive profiling tool for 

Monascus fermentation systems [11]. However, the 

present chromatographic features should be 

interpreted cautiously because retention time, peak 

area, and PDA detection wavelength do not 

independently establish molecular identity. Therefore, 

the results are described as metabolite features or 

chromatographic fingerprints rather than confirmed 

compounds. This interpretation maintains analytical 

caution while still demonstrating that the fermented 
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pigment extracts contained diverse detectable 

metabolite signals. To improve readability, only the 

dominant UV–Vis-active chromatographic features 

are summarized in the main manuscript. 

Table 6. Dominant LC–MS/PDA UV–Vis-active chromatographic features detected in 

Monascus purpureus fermented pigment extracts 

Sample 
Detection 

wavelength (nm) 

Retention 

time (min) 
Peak area 

Relative area 

(%) 

Chromatographic 

interpretation 

BRIN-A 280 12.3 2,287,284 16.9 Major UV-absorbing 

metabolite-related feature 

350 11.7 801,528 17.1 Major chromophoric metabolite-

related feature 

350 13.8 716,900 15.3 Major chromophoric metabolite-

related feature 

350 22.0 487,551 10.4 Late eluting chromophoric 

feature 

BRIN-B 280 2.618 11,912,650 34.329 Major early-eluting UV-

absorbing feature 

280 2.776 12,262,133 35.336 Major early-eluting UV-

absorbing feature 

470 2.619 1,299,789 44.763 Major visible-light-absorbing 

pigment-related feature 

470 2.790 1,262,047 43.464 Major visible-light-absorbing 

pigment-related feature 

4. Discussion
4.1. Multi-response Optimization of Yellow

Pigment Production and Citrinin Suppression

The present study demonstrates that yellow 

pigment production by Monascus purpureus can be 

improved while citrinin formation is markedly 

suppressed when fermentation variables are 

optimized as an integrated response system rather 

than as isolated process parameters. As shown in 

Table 1, the optimized condition consisted of no 

NaNO₃ supplementation, 0.24% methionine, 2% 

glycerol, fermentation temperature of 28°C, and 

cultivation time of 16 days. This condition produced 

2,438.88 ± 46.04 OD units/g yellow pigment and 

0.1801 ± 0.0082 mg/kg citrinin, corresponding to a 

2.22-fold increase in pigment production and a 52.91-

fold reduction in citrinin compared with the basal 

medium. The magnitude of this improvement 

indicates that the optimized condition did not simply 

enhance fungal metabolism in a nonspecific manner 

but redirected the fermentation outcome toward a 

more favorable productivity–safety balance. 

This finding is consistent with the current 

understanding that Monascus pigment biosynthesis 

and citrinin production are metabolically connected 

through polyketide-derived pathways. Multi-response 

optimization using metabolic engineering and 

medium design has been reported to increase pigment 

production up to 3,532 U/g while reducing citrinin 

formation, suggesting that coordinated regulation of 

precursor pathways such as acetyl-CoA and malonyl-

CoA can enhance desirable metabolites and suppress 

toxic byproducts simultaneously [26]. Similarly, 

mutation breeding increased pigment yield from 108 

to 180 U/mL, representing a 66.7% increase, while 

reducing citrinin by 69%, supporting the principle 

that integrated optimization strategies are superior to 

single-variable approaches when productivity and 

safety must be achieved together [11]. In this context, 

the present RSM-based result supports a fermentation 

model in which the best condition is not necessarily 

the condition producing the highest pigment alone, 

but the condition that provides the most acceptable 

compromise between high yellow pigment and low 

citrinin. 

The absence of NaNO₃ in the optimized 

formulation suggests that inorganic nitrogen 

supplementation at the tested range was not required 

for optimal yellow pigment production under the 

present rice-based solid-state fermentation system. 

This does not imply that nitrogen is unimportant for 

fungal growth, but rather that the type and level of 

nitrogen may shift metabolic flux differently between 

pigment and citrinin biosynthesis. Methionine at 

0.24% appeared to support a more favorable 

response, possibly by contributing to nitrogen balance 

and secondary metabolism regulation without 

stimulating excessive citrinin accumulation. The 

selection of 2% glycerol may also be relevant because 

carbon sources can influence polyketide precursor 

availability and central metabolic activity. Controlled 

environmental parameters have previously been 

shown to maximize pigment biosynthesis while 

minimizing toxin formation, including optimized 

solid-state fermentation that produced 4.85 g pigment 

extract with citrinin levels below detection [24]. 

Therefore, the optimized nutrient combination in this 

study should be interpreted as a coordinated 

metabolic condition rather than as an independent 

effect of a single factor. 
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Figure 2. Representative LC–MS/PDA chromatograms of Monascus purpureus fermented pigment extracts. (A) 

BRIN-A chromatogram recorded at 350 nm. (B) Enlarged 9–15 min retention-time region of BRIN-A showing 

dominant chromophoric features. (C) BRIN-B chromatogram recorded at 470 nm showing dominant visible-light-

absorbing features. (D) Enlarged 0–5 min retention-time region of BRIN-B recorded at 280 nm showing dominant 

early-eluting UV-absorbing features. 

4.2. Citrinin Reduction and Safety-Relevance of 

the Optimized Product 

Citrinin suppression is a central result of this study 

because citrinin remains one of the principal safety 

barriers for the broader application of Monascus-

derived pigments. The optimized citrinin 

concentration of 0.1801 ± 0.0082 mg/kg is 

particularly important because it approaches or falls 

below several cited international safety benchmarks. 

The European Commission previously established a 

maximum permitted level of 2 mg/kg, equivalent to 

2000 μg/kg, for citrinin in food supplements based on 

M. purpureus [28]. Later European regulations in

2019 lowered the acceptable level to 100 μg/kg in

fermented rice supplements, reflecting stricter safety

expectations for consumer protection. In addition,

regulatory limits in the USA and Japan have been

reported at approximately 0.2 mg/kg, emphasizing the

need for highly controlled fermentation systems to

satisfy international safety requirements [29]. The

citrinin value obtained in the present optimized

product, 0.1801 mg/kg, is therefore substantially

lower than the earlier 2 mg/kg European benchmark

and slightly below the 0.2 mg/kg threshold reported

for stricter jurisdictions, although it remains above

the later 100 μg/kg European limit for fermented rice

supplements.

The optimized citrinin concentration of 0.1801 

mg/kg is equivalent to 180.1 μg/kg. Therefore, this 

value is substantially below the earlier 2 mg/kg 

benchmark and slightly below the 0.2 mg/kg 

threshold reported in some stricter regulatory 

contexts. However, it remains above the more 

stringent 100 μg/kg limit applied to certain fermented 

rice supplement categories. Accordingly, the 

optimized citrinin level should not be interpreted as 

universally compliant for all product applications. 

Rather, it demonstrates a substantial process-level 

reduction compared with the basal medium and 

indicates that further refinement would be required if 

the final product is intended for applications governed 

by the 100 μg/kg limit. 

The safety relevance of this reduction should also 

be interpreted in relation to citrinin toxicology. EFSA 

reported citrinin nephrotoxicity with a no-observed-

adverse-effect level of 20 μg/kg body weight/day and 

a level of no concern at 0.2 μg/kg body weight/day, 

indicating that risk evaluation remains necessary even 

when citrinin is present at low concentrations [30]. 

From this perspective, the 52.91-fold reduction 

achieved in the present study represents a strong 

process-level improvement, but additional product-

specific safety evaluation would still be required if 

the pigment is intended for food, nutraceutical, or 

pharmaceutical applications. Advanced LC–MS 

analysis has shown that optimized Monascus products 

can reach citrinin concentrations as low as 0.0308 

mg/kg, demonstrating that further reduction may be 
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technically feasible under highly controlled 

conditions [21]. The present findings therefore 

position the optimized condition as a meaningful 

improvement over the basal medium, while also 

indicating that future process refinement could target 

even lower citrinin concentrations. 

Mechanistically, citrinin reduction may reflect the 

combined influence of nutrient composition, 

fermentation temperature, and cultivation time on the 

expression and activity of citrinin-related biosynthetic 

pathways. Regulation of citrinin biosynthesis is 

closely associated with the polyketide pathway, in 

which environmental conditions and genes such as 

citB and citD influence toxin formation [31]. The 16-

day cultivation period selected by the RSM model 

may have limited prolonged toxin accumulation while 

still permitting adequate pigment biosynthesis. This 

interpretation is compatible with previous 

observations that secondary metabolite regulation can 

be modified through metabolic signaling, including 

flavonoid-mediated reduction of citrinin production at 

the transcriptional level [32]. Although transcriptional 

analysis was not performed in the present study, the 

observed response pattern indicates that the optimized 

condition altered the fermentation outcome in a 

direction consistent with targeted suppression of 

undesired polyketide metabolites. 

4.3. Interpretation of LC–MS/PDA Fingerprinting 

The LC–MS/PDA data provide important 

complementary evidence that the optimized 

fermentation product contained diverse detectable 

metabolite features rather than a single pigment 

response measured only by spectrophotometry. As 

presented in Table 4, BRIN-A and BRIN-B showed 

distinct chromatographic profiles across 280, 350, 

470, and 530 nm, indicating the presence of multiple 

UV–Vis-absorbing features. In BRIN-A, the most 

prominent peak at 280 nm appeared at tR 12.3 min, 

with a peak area of 2,287,284 and a relative area of 

16.9%, while additional dominant features occurred 

at tR 8.5, 13.7, and 27.8 min. At 350 nm, major 

chromophoric peaks appeared at tR 11.7 and 13.8 

min, with relative areas of 17.1% and 15.3%, 

respectively. In contrast, BRIN-B was dominated by 

early eluting features, particularly at tR 2.618 and 

2.776 min at 280 nm, with relative areas of 34.329% 

and 35.336%, and at tR 2.619 and 2.790 min at 470 

nm, with relative areas of 44.763% and 43.464%. 

These differences suggest that the fermented 

pigment extracts contained chemically complex and 

sample-dependent metabolite profiles. LC–MS-based 

metabolomics has been shown to identify numerous 

secondary metabolites in Monascus fermentation, 

including pigments, intermediates, and related 

derivatives, emphasizing that chromatographic 

profiles usually represent complex mixtures rather 

than single compounds [33]. Similarly, LC–MS 

combined with chromatographic techniques has 

revealed pigment purity up to 91.9% in optimized 

fermentation studies, although definitive 

identification still requires MS/MS confirmation or 

comparison with authentic standards [24]. Therefore, 

the present LC–MS/PDA results should be interpreted 

as chemical fingerprinting or metabolite profiling. 

Retention time, peak area, and UV–Vis absorbance 

provide useful evidence of chromatographic features, 

but they remain insufficient for definitive structural 

assignment without orthogonal confirmation [34]. 

This cautious interpretation is particularly 

important because visible or UV-absorbing peaks may 

arise from structurally related azaphilone derivatives, 

biosynthetic intermediates, degradation products, or 

matrix-associated compounds. The strong early 

eluting peaks in BRIN-B may reflect more polar UV-

absorbing components, whereas the later peaks in 

BRIN-A may suggest relatively more hydrophobic 

metabolite features. However, these assignments 

remain tentative and should not be converted into 

compound names without authentic reference 

standards or MS/MS fragmentation evidence. Thus, 

the LC–MS/PDA profile strengthens the study by 

demonstrating chemical reproducibility and 

metabolite diversity, while avoiding 

overinterpretation of chromatographic data. 

Accordingly, the LC–MS/PDA results in this study 

should be regarded as a reproducible 

chromatographic fingerprint of the fermented pigment 

extracts. The data support chemical traceability and 

comparison between samples, but they do not provide 

definitive structural confirmation of individual 

compounds. Future work using authentic standards, 

MS/MS fragmentation, and targeted quantitative 

analysis will be required to confirm the identities and 

concentrations of specific Monascus pigment 

derivatives. 

5. Conclusion
This study demonstrated that rice-based solid-state

fermentation of Monascus purpureus can be 

optimized to improve yellow pigment production 

while substantially reducing citrinin formation. The 

selected optimum condition consisted of no NaNO₃ 

supplementation, 0.24% methionine, 2% glycerol, 

fermentation temperature of 28°C, and cultivation 

time of 16 days. Under this condition, yellow pigment 

production reached 2,438.88 ± 46.04 OD units/g, 

while citrinin concentration decreased to 0.1801 ± 

0.0082 mg/kg. Compared with the basal medium, this 

represented a 2.22-fold increase in yellow pigment 

production and a 52.91-fold reduction in citrinin 

concentration. 
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The findings indicate that simultaneous 

optimization of nutritional and physical fermentation 

factors can improve the productivity–safety balance 

of M. purpureus yellow pigment production. 

However, the optimized citrinin level should be 

interpreted as a substantial laboratory-scale process 

reduction rather than universal regulatory compliance 

for all product categories, particularly those governed 

by stricter citrinin limits. LC–MS/PDA fingerprinting 

further showed multiple UV–Vis-active 

chromatographic features in the fermented pigment 

extracts, supporting chemical traceability without 

claiming definitive compound identification. 

Overall, this study provides a useful multi-

response optimization strategy for developing low-

citrinin M. purpureus-derived yellow pigments. 

Further studies should include targeted compound 

confirmation using authentic standards and MS/MS 

fragmentation, expanded citrinin method validation, 

scale-up reproducibility, and product-specific safety 

assessment in relevant food, pharmaceutical, or 

cosmetic matrices. 
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