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Abstract: Curcuminoids (CURs) are frequently co-administered with piperine (PIP) to enhance their 

pharmacological potential. Curcumin (CUR), the principal phenolic compound in the rhizome of Curcuma 
longa L. (turmeric), has limited oral bioavailability, while PIP can act as a bioenhancer. In this context, reliable 
simultaneous quantification of CURs-PIP is essential for routine quality control in herbal medicine industry. 
This study aimed to develop and validate a simple, precise, and robust RP-HPLC/DAD method for the 
simultaneous determination of CURs and PIP in spray-dried microparticles. Microparticles were produced by 
spray-drying using Eudragit® S100, and the analytical method was validated according to ICH Q2(R1) and 
ANVISA RDC 166/2017. Specificity, linearity, precision, accuracy, robustness, and encapsulation efficiency 
were assessed. Linearity was demonstrated within 200–500 μg·mL⁻¹ (CURs expressed as curcumin, CUReq) 

and 8–20 μg·mL⁻¹ (PIP) with r>0.996. Recoveries were ~100% (100.18% for CUReq; 99.56% for PIP) with 
CV<5%. Encapsulation efficiency was ≥99% for both analytes. The method proved accurate, precise, robust, 
and suitable for routine quality control of microparticulate formulations containing both CURs and PIP. 

HIGHLIGHTS 
 

 Microparticles were successfully produced using the solid dispersion technique by spray-drying. 

 A fast and simple RP-HPLC/DAD method was validated for curcuminoids and piperine quantification. 

 Curcuminoid and piperine-loaded microparticles showed high encapsulation efficiency (~100%) 
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INTRODUCTION 

Curcuminoids, including curcumin (≈75% of total), demethoxycurcumin, and bisdemethoxycurcumin, are 
the main phenolic compounds in the rhizome of Curcuma longa L. (turmeric). These diarylheptanoid pigments 
are largely responsible for the broad spectrum of biological activities from turmeric, interacting with multiple 
cellular signaling pathways and exhibiting antioxidant, anti-inflammatory, antidiabetic, antibacterial, 
antifungal, antiproliferative, anticancer, and hepatoprotective effects [1,2]. Despite encouraging in vitro and 
in vivo findings, clinical trials have not conclusively demonstrated therapeutic efficacy, largely because of the 
poor oral bioavailability of curcuminoids, especially curcumin [3–5]. To overcome this limitation, 
encapsulation in nano- or microparticulate systems has been proposed to improve curcuminoid stability and 
absorption [6]. Co-administration with piperine, an alkaloid from Piper nigrum L., is another promising 
strategy, as piperine markedly enhances the bioavailability of curcumin [7,8]. Robust analytical methods are 
needed to accurately quantify the bioactive compounds in such combined curcuminoid–piperine formulations 
and to support regulatory compliance, reproducibility, and quality assurance [9]. 

Although numerous methods quantify curcumin and piperine individually, reports of their simultaneous 
HPLC quantification remain relatively scarce, particularly in solid formulations such as spray-dried 
microparticles, which are gaining increasing relevance in pharmaceutical development, nutraceuticals, 
functional foods, and biotechnology. Existing approaches are mostly limited to an isocratic HPLC/UV-DAD 
method validated to ICH standards in curcumin–piperine microparticles [9], RP-HPLC procedures applied to 
nanoparticles [10–12], and a classical RP-HPLC/PDA application in Eudragit® nanoparticles [13]. However, 
none of these studies has systematically addressed the simultaneous quantification of both analytes in spray-
dried formulations. By filling this gap, the present study introduces a transferable analytical strategy 
specifically designed for routine quality control of microparticulate formulations containing both curcuminoids 
and piperine in herbal medicine industries, thus extending applicability beyond research settings and into 
translational contexts. 

In this study, we aimed to develop and validate, in accordance with the International Conference on 
Harmonisation (ICH) [14] and Brazilian ANVISA Resolution RDC 166/2017, an isocratic RP-HPLC/DAD 
method for the simultaneous quantification of curcuminoids and piperine in spray-dried microparticles. In 
addition, we evaluated process yield, encapsulation efficiency, mean particle diameter, zeta potential, and 
morphology, as these complementary techniques are indispensable for a comprehensive characterization of 
dispersed systems. By providing a reproducible and time-efficient analytical tool, this study supports the 
quality control of pharmaceutical and nutraceutical formulations and establishes a translational foundation 
for broader biotechnological applications in health, environmental sustainability, and functional foods. 

MATERIAL AND METHODS 

Reagents and Solvents 

A curcumin-rich curcuminoid extract (95.2% total curcuminoids expressed as curcumin; consisting of 
74.2% curcumin, 15.5% demethoxycurcumin, 5.5% bisdemethoxycurcumin) was supplied by Tianxu Natural 
Pigment (China). Piperine (95.69% purity) was obtained from Xi’an Tian Ben Bio-Engineering (China). 
Eudragit® S100 was donated by Evonik (Brazil). The analytical standard of curcumin (CUR, ≥98% pure) was 
obtained from Sigma-Aldrich (USA). HPLC-grade methanol and acetonitrile (Merck, Germany) were used, 
and ultrapure water was prepared using a Millipore® system (USA). For clarity purposes, throughout this 
paper all curcuminoid contents are expressed as curcumin equivalents (CUReq), since the analytical 
calibration was performed using such CUR analytical standard. 

Preparation of Polymeric Microparticles Containing Curcuminoids and Piperine 

Microparticles containing curcuminoids (CURs) and piperine (PIP) were prepared by spray-drying with 
Eudragit® S100 (MSCP). The theoretical formulation (2.6 g) comprised 500 mg CURs and 20 mg PIP (20% 
w/w active loading). The solvent system consisted of ethanol:water (60:40, v/v). Table 1 summarizes the 
composition of the loaded and the non-loaded formulations. CURs and PIP were dissolved in ethanol under 
magnetic stirring (800 rpm, Fisatom, Brazil). Eudragit® S100 was then added under the same stirring 
conditions. Distilled water was gradually added, and the mixture was maintained under continuous stirring 
for 12 h. The resulting dispersion was dried by spray-drying (Labmaq MSD 0.5, Brazil) using the following 
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parameters: atomizer diameter 0.82 mm, atomization pressure 3 kgf·cm⁻², drying air flow 25 L·min⁻¹, feed 
rate 0.40 L·h⁻¹, inlet temperature 135 ± 5 °C, and outlet temperature 60 ± 5 °C. The formulations were 
prepared in triplicate (n = 3) from three independent batches. The dry microparticles were collected and 
stored in amber glass containers. 

  Table 1. Composition of polymeric microparticle formulations 

Formulation CURs (g) PIP (g) Eudragit® S100 (g) Water (mL) Ethanol (mL) 

MPES100 (non-loaded)* — — 10.0 480 720 

MPCP (loaded)* 1.923 0.077 8.0 480 720 

*MPES100: Eudragit® S100 microparticles containing no active; MPCP: Eudragit® S100 microparticles containing 
curcuminoids and piperine, n = 3 from independent batches 

Particle Size and Zeta Potential 

The particle size and zeta potential of the microparticles were measured by dynamic light scattering 
(DLS) using a Zetasizer Nano ZS90 (Malvern Instruments, UK). Samples of each formulation were dispersed 
in ultrapure water (1:500, v/v), sonicated for 15 min, and analyzed in triplicate at 25 °C. The mean 
hydrodynamic diameter (Z-average) and polydispersity index (PDI) were recorded. Zeta potential was 
measured by electrophoretic light scattering on the same instrument. All measurements were performed in 
amber vials to minimize light exposure of CURs, and the samples were handled at controlled room 
temperature to prevent any thermal degradation of curcuminoids during analysis. 

Morphology 

Microparticles and raw materials were examined by field-emission scanning electron microscopy          
(FE-SEM, Tescan Mira 3, Czech Republic). The spray-dried microparticles, pure curcuminoid extract, pure 
PIP, the polymer, and their physical mixture were mounted on metallic stubs using double-sided carbon tape, 
gold-sputtered (Shimadzu IC-50, Japan), and observed at an accelerating voltage of 15 kV. 

Chromatographic Conditions 

Chromatographic analyses were conducted on a Shimadzu Nexera-i LC-2040C HPLC system (Japan) 
equipped with a diode array detector (DAD). Separations were achieved on a Shim-pack C18 reversed-phase 
column (150 × 4.6 mm, 5 μm particle size) maintained at 25 °C. The mobile phase consisted of acetonitrile: 
methanol:water + 0.1% formic acid (55:5:40, v/v/v) delivered isocratically at a flow rate of 1.0 mL·min⁻¹. The 
injection volume was 10 μL. Detection wavelengths were set at 410 nm (for CURs, measured as CUR 
equivalents) and 341 nm (for PIP). The total run time was 15 min. 

Standard Solutions 

Stock solutions of the curcumin analytical standard (CUR) and PIP (each 500 μg·mL⁻¹) were prepared 
in methanol. These were appropriately diluted with methanol to obtain working standard solutions 

corresponding to 200–500 μg·mL⁻¹ CUReq (total curcuminoids expressed as curcumin) and 8–20 μg·mL⁻¹ 
PIP. All solutions were filtered through 0.22 μm PTFE membranes (Macherey-Nagel, Germany) prior to 
injection. 

Method Validation for Simultaneous Quantification of Curcuminoids and Piperine 

Method validation was performed in accordance with ICH Q2(R1) [14] and ANVISA RDC 166/2017 [15] 
guidelines. The parameters evaluated included specificity, linearity, limits of detection (LOD) and 
quantification (LOQ), precision, accuracy, and robustness, following standard validation procedures. 

Specificity was confirmed by comparing chromatograms of loaded microparticles (MPCP, containing 
CURs and PIP) with those of non-loaded microparticles (MPES100). The absence of any peaks interfering 
with the CURs or PIP signals demonstrated that the method meets the specificity criterion. Linearity was 
assessed using three independent calibration curves, each constructed with six concentrations for CUR (200, 
250, 300, 350, 400, 500 μg·mL⁻¹) and for PIP (8, 10, 12, 14, 16, 20 μg·mL⁻¹). The regression equations and 
correlation coefficients (r) were obtained from the mean calibration data. 

Sensitivity was determined by calculating the LOD and LOQ according to ICH Q2 (R1), 
recommendations. The calculations used the standard deviation of the response (σ) and the slope of the 
calibration curve (S) for each analyte, according to the equations 1 and 2. 

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=2ahUKEwjY_IyMpJjfAhXBqZAKHdazDawQFjAAegQIAxAC&url=http%3A%2F%2Fwww.scielo.br%2Fbabt&usg=AOvVaw08BojU0LuZNEI4C434jTD4


 Marcon, M.V.; et al. 4 
 

 
Brazilian Archives of Biology and Technology. Vol.68: e25250760, 2025 www.scielo.br/babt 

𝐿𝑂𝐷 =  
3.3𝑥𝑆𝐷

𝑆
                   (Equação 1) 

                                                                                                                              

𝐿𝑂𝑄 =  
10 𝑥 𝑆𝐷

𝑆
      (Equação 2) 

 
Precision was evaluated at two levels, repeatability (intra-day) and intermediate precision (inter-day, 

including analyses on different days by different analysts). For each level, triplicate analyses (n = 3) were 
performed at three concentration levels for each analyte. Results were expressed as the coefficient of 
variation (%CV). 

Accuracy was determined by recovery tests using the standard addition method. Known amounts of CUR 
standard and PIP were spiked into a non-loaded formulation (MPES100 microparticle solution), and the 
mixtures were analyzed. Three concentration levels were tested for each analyte (low, medium, high within 
the linear range) with three replicates each (n = 9 per analyte in total). For CURs, the spike levels were 200, 

300, 500 μg·mL⁻¹; for PIP: 8.0, 12.0, 20.0 μg·mL⁻¹. Acceptable recoveries were defined between 95% and 
105% (Equation 3). 
 

% 𝑎𝑐𝑐𝑢𝑟𝑎𝑐𝑦 =  
𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙

𝑡ℎ𝑒𝑜𝑟𝑖𝑡𝑖𝑐𝑎𝑙
 𝑥 100            (Equation 3) 

 

 
Robustness was examined at a mid-range concentration (300 μg·mL⁻¹ CURs and 12 μg·mL⁻¹ PIP) under 

small deliberate variations of chromatographic conditions. The tested variations included altering the mobile 
phase composition by ±1% (testing 54:5:41 and 56:5:39 ratios instead of 55:5:40), column temperature by 
±3 °C (22 °C and 28 °C instead of 25 °C), flow rate by ±0.1 mL·min⁻¹ (0.9 and 1.1 mL·min⁻¹), and detection 
wavelength by ±5 nm (405 nm and 415 nm for curcuminoids; 336 nm and 346 nm for PIP). Additionally, the 
method was tested on a different C18 column batch of the same specifications to evaluate column-to-column 
consistency. Results were analyzed via ANOVA (with Tukey’s post hoc test for multiple comparisons). 
System suitability criteria were also consistently met in all cases, tailing factor < 1.5 for both peaks, and 
resolution between CURs and PIP peaks ≥ 1.5 under all conditions.  

Encapsulation Efficiency (EE%) 

The EE% was determined as described in Equation 4 [16]. Microparticles were weighed into 10 mL 
volumetric flasks, dispersed in 8 mL methanol, stirred at 1,000 rpm for 12 h, diluted to the final volume, and 
filtered through PTFE membranes (0.22 μm). 
 

     𝐸𝐸(%) =
𝑑𝑟𝑢𝑔 𝑚𝑎𝑠𝑠 𝑖𝑛 𝑚𝑖𝑐𝑟𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑡ℎ𝑒𝑜𝑟𝑖𝑡𝑖𝑐𝑎𝑙 𝑑𝑟𝑢𝑔 𝑚𝑎𝑠𝑠
  (Equation 4) 

 
 

Theoretical drug concentrations were 288.48 μg·mL⁻¹ for CUR and 11.52 μg·mL⁻¹ for PIP. All assays 
were performed in triplicate using the validated method, with detection at 410 nm (CURs) and 341 nm (PIP). 

Statistical Analysis 

Results are expressed as mean ± standard deviation. Statistical significance between groups was 

evaluated using one‑way ANOVA, with α = 0.05. 

RESULTS  

Preparation of Polymeric Microparticles Containing Curcuminoids and Piperine and Yield 

Spray-drying of the Eudragit® S100 dispersions yielded free-flowing micropowders with distinct 
coloration. Non-loaded microparticles (MPES100) were white, whereas CURs–PIP microparticles (MPCP) 
were bright orange, consistent with the characteristic yellow-orange hue of CURs. The process yields, which 
represent the mass of dried products recovered relative to total solids, were 56.27% ± 0.85% for MPES100 
and 53.34% ± 0.71% for MPCP. These yields are typical for lab-scale spray-drying. 
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Particle Size and Zeta Potential 

Loaded microparticles (MPCP) showed a mean hydrodynamic diameter of 680 ± 18 nm with a unimodal 
size distribution and a polydispersity index PDI ≈ 0.14 ± 0.01. In contrast, the non-loaded MPES100 
microparticles exhibited a larger mean diameter of 1506 ± 198 nm under the same conditions and a 
polydispersity index PDI ≈ 0.27 ± 0.01. The zeta potential of the drug-loaded microparticles was – 40.53 mV, 
reflecting the anionic nature of the Eudragit® S100 polymer in neutral to basic media due to deprotonated 
carboxylate groups. The non-loaded MPES100 microparticles showed a similarly high negative zeta potential 
of approximately – 42 mV as expected. The sub-micron size of MPCP suggests that the presence of CURs 
and PIP influenced the particle formation, potentially leading to smaller and more uniform particles. 

Morphology 

FE-SEM analysis revealed distinct morphological features for the raw materials and formulated 
microparticles. The curcuminoid extract displayed a crystalline appearance, and pure PIP exhibited a 
heterogeneous crystalline structure. The Eudragit® S100 polymer showed roughly spherical particles with low 
size variability (Figure 1). After encapsulation, the CURs–PIP loaded microparticles (MPCP) were 
predominantly spherical with smooth surfaces and slight roughness, and no crystalline drug residues were 
observed on the surface (Figure 2). The absence of surface drug deposits and the consistency of SEM 
observed particle sizes with DLS measurements both support the conclusion of efficient encapsulation of the 
active compounds within the polymer matrix. 
 

 
Figure 1. FE-SEM micrographs of raw materials: curcuminoid extract (CUR) and piperine (PIP); Eudragit® S100 
polymer (S100); and their physical mixture (PM). Images were obtained at 5,000× magnification (scale bars = 10 μm) 
 

PIP 

S100 PM 

CUR 
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Figure 2. FE-SEM micrographs of spray-dried microparticles with no active (MPES100, non-loaded) and with CURs + 
PIP (MPCP, loaded). Images at 5,000× and 10,000× magnifications (scale bars = 5 μm and 2 μm, respectively) show 
spherical morphology and smooth surfaces for loaded particles with no crystalline drug on the surface 

Chromatographic Performance and Specificity 

Under the optimized isocratic conditions, the CURs and PIP were suitably resolved as indicated in Figure 
3B. The loaded microparticles MPCP revealed the retention times of bisdemethoxycurcumin (BDMC), 
demethoxycurcumin (DMC), and curcumin (CUR) as described in the curcuminoid extract used. PIP peak 
was eluted at 4.88 min. Chromatograms of the non-loaded microparticles (MPES100) showed no peaks at 
the retention times of CURs and PIP, confirming that no excipient or impurity interfered with analyte detection 
(Figure 3). Thus, the method demonstrated specificity for the simultaneous analysis of CURs and PIP in the 
spray-dried microparticles. The use of separate detection wavelengths (410 nm for CURs and 341 nm for 
PIP) provided selective monitoring of these compounds with no cross-interference. 

Linearity, Range, and Sensitivity 

The calibration curves for CUR and PIP demonstrated excellent linearity over the evaluated ranges of 
200–500 μg·mL⁻¹ and 8–20 μg·mL⁻¹, respectively. Regression coefficients were high (r = 0.9965 for CUR 
and r = 0.9971 for PIP), and analysis of variance (ANOVA) confirmed that the linear models were statistically 
significant with no evidence of lack of fit (Figure 4, Table 2). Each calibration point was prepared in triplicate 
across three independent runs, supporting the robustness of the regression analysis. These ranges 
adequately cover the expected concentrations of curcuminoids and piperine in microparticle assay 
preparations, and confirm that detector response remains proportional to analyte concentration within these 
limits. The resulting detection limits were 21.24 μg·mL⁻¹ for CUR and 0.90 μg·mL⁻¹ for PIP, while the 

quantification limits were 64.37 μg·mL⁻¹ for CUR and 2.73 μg·mL⁻¹ for PIP. 

MPES100, 5kx 

MPES100, 10kx 
 

MSCP, 5kx 

MSCP, 10kx 

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=2ahUKEwjY_IyMpJjfAhXBqZAKHdazDawQFjAAegQIAxAC&url=http%3A%2F%2Fwww.scielo.br%2Fbabt&usg=AOvVaw08BojU0LuZNEI4C434jTD4


 Marcon, M.V.; et al. 7 
 

 
Brazilian Archives of Biology and Technology. Vol.68: e25250760, 2025 www.scielo.br/babt 

 

Figure 3. Chromatograms of spray-dried formulations of non-loaded microparticles (MPES100) (A) and loaded 
microparticles (MPCP) (B) containing CUR and PIP obtained by the proposed RP-HPLC/DAD 
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Figure 4. Average calibration curves for CUR and PIP using acetonitrile:methanol:water + 0.1% formic acid                  
(55:5:40, v/v/v) 

Table 2. Summary of ANOVA results* for linearity of the analytical method for CUR and PIP 

Anova results SS DF MS F F tab 

CUR      

 
Model 

 
2.1012 x 1013 

 
1 

 
2.1012 x1013 

 
15216.8 

 
4.49 

Residual 2.2099 x 1010 16 1.3812 x 109 Linear  

Lack of fit 9.4160 x 109 4 2.3540 x 109 2.227 3.26 

Pure error 1.2683 x 1010 12 2.3540 x 109 No lack of fit  

PIP 

 
Model 

 
8.994396 x 109 

 
1 

 
8.9943963 x 109 

 
2997.81 

 
4.49 

Residual 8.994396 x 109 16     Linear  

Lack of fit 4.8732098 x 109 4 1.218302 x 109 3.25 3.26 

Pure error 4.1211866 x 109 12 343.43 x 106 No lack of fit  

*Note: Where SS = sum of squares; DF = degrees of freedom; MS = mean square; F = F test value; F tab = tabulated 
F value 

Precision, Accuracy, and Robustness 

The developed HPLC method showed appropriate precision. Intra-day and inter-day %CV values for 
both CURs expressed as curcumin (CUReq) and PIP were all below 5% (Table 3), indicating that the method 
yields consistent results upon repeated analysis. Accuracy was within 99–104% across low, medium, and 
high levels for both analytes (Table 4), meeting the typical acceptance criteria of 95–105%. These results 
confirm that the method can accurately recover known amounts of CURs and piperine from the loaded 
microparticle formulation. The robustness against small variations in chromatographic conditions was 
evidenced by minimal changes in results under the altered conditions (Table 5).  The assay remained within 
acceptable precision and accuracy bounds when the mobile phase ratio, temperature, flow, or detection 
wavelength were slightly varied, and when a different batch of the column was used. No statistically significant 
differences were observed, demonstrating the reliability of the method for routine use in quality control.  

During the robustness tests, system suitability was verified by replicate standard injections. The relative 
standard deviation (%RSD, n = 6) of peak areas and retention times remained below 2% for both analytes, 
confirming instrumental precision. Column efficiency was high (>5000 theoretical plates), and tailing factors 
were close to unity (1.1 for CURs and 1.2 for PIP), indicating adequate peak symmetry. In addition, 
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chromatographic selectivity was demonstrated by a resolution of 1.50 between CUR and PIP, while peak 
purity indices determined by DAD were 1.00 for CURs and 0.99 for PIP, exceeding acceptance thresholds 
and confirming the absence of co-eluting impurities (Figure 5). The consistent system performance, together 
with adequate resolution and purity, further supports the method suitability for routine analysis. 

  Table 3. Intra‑day and inter‑day precision for CURs and PIP 

Set 
Nominal CURs 

(μg/mL) 
Found CURs 

(μg/mL) 
CV% 

(CURs) 
Nominal PIP 
(μg/mL) 

Found PIP 
(μg/mL) 

CV% (PIP) 

Intra‑day #1 500 504.11 0.405 20 20.17 0.072 

Intra‑day #2 300 305.51 0.078 12 11.99 0.433 

Intra‑day #3 200 202.46 0.313 8 8.31 0.054 

Inter‑day #1 500 474.95 2.397 20 18.38 1.978 

Inter‑day #2 300 274.71 2.895 12 12.30 2.111 

Inter‑day #3 200 177.30 1.212 8 6.55 4.909 

 
 
                          Table 4. Accuracy at three concentration levels for CURs and PIP 

Analyte 
Theoretical 
(μg/mL) 

Experimental 
(μg/mL) 

Recovery (%)     CV (%) 

CURs 200 202.46 101.23 0.51 

CURs 300 305.51 101.84 0.51 

CURs 500 504.11 100.82 0.51 

PIP 8 8.31 103.92 2.06 

PIP 12 11.99 99.91 2.06 

PIP 20 20.17 100.86 2.06 

 
 

Table 5. Robustness at 300 μg/mL CURs and 12 μg/mL PIP under temperature and mobile phase 
variations. 

Analyte – Parameter Condition CV (%) Recovery (%) 

CURs – Mobile phase 54/5/41 (v/v/v) 0.11 95.29 

CURs – Mobile phase 56/5/39 (v/v/v) 1.46 95.33 

CURs – Temperature 22°C 0.35 95.02 

CURs – Temperature 28°C 1.79 95.06 

PIP – Mobile phase 54/5/41 (v/v/v) 0.77 101.49 

PIP – Mobile phase 56/5/39 (v/v/v) 0.65 103.56 

PIP – Temperature 22°C 0.48 99.02 

PIP – Temperature 28°C 0.04 102.43 
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Figure 5. Chromatography in 410 nm e 341 nm with acetonitrile:methanol:water + 0.1% formic acid (55:5:40, v/v/v) 

Encapsulation Efficiency 

The spray-dried Eudragit® S100 microparticles containing CURs and PIP exhibited high encapsulation 
efficiency. Encapsulation efficiency (%EE), calculated by the indirect method was 100.18% for CUReq and 
99.56% for PIP (Table 6). Essentially ~100% of the added CURs and PIP were recovered in the spray-dried 
microparticles, indicating complete entrapment with negligible loss of compounds during processing. 
Triplicate batches yielded consistent %EE values and standard deviations < 3%, underscoring the 
reproducibility of the formulation process. 

Table 6. Encapsulation efficiency (%EE) of CURs as CUReq and PIP in spray-dried Eudragit® S100 microparticles 

Formulation 
Theoretical CURs 

(μg/mL) 
Theoretical 
PIP (μg/mL) 

Encapsulated  CUReq 
(μg/mL±SD) 

Encapsulated 
PIP (μg/mL±SD) 

%EE 
(CUReq) 

%EE 
(PIP) 

MPCP 
(loaded) 

288.48 11.52 289.01 ± 6.97 11.47 ± 0.24 100.18 99.56 

DISCUSSION  

Curcuminoid–piperine microparticles produced by spray-drying were successfully obtained, with yields 
of approximately 53 to 56%. These yields fall within the range commonly reported for spray-dried polymeric 
microparticles. Losses during drying likely arose from inherent process inefficiencies, such as powder 
adhesion to the dryer chamber walls and cyclone, which are typical for lab-scale spray-drying. Comparable 
outcomes have been reported for similar systems. For example, Eudragit-based microparticles loaded with 
piperine achieved yields of 40–57% and encapsulation efficiencies of 66–90% in another study, where 
stickiness and polymer migration to the droplet surface limited recovery [17,20]. Recent spray-drying studies 
have reported a wide range of yields depending on formulation components, with Yupanqui and coauthors 
[18] obtaining 31.7% for chitosan/mannitol spray-dried turmeric extract microparticles, and Tabaré and 
coauthors [19] observing yields from 45% up to 90% by modifying Eudragit® FS content and adding drying 
adjuvants. Mankan and coauthors (2025) [21] reported 70–86% yields for curcumin–lecithin spray-dried 
complexes using maltodextrin, along with improved powder flowability and stability. In light of these 
comparisons, our yield results are within expectations for a Eudragit® S100-based formulation with no 
auxiliary matrix formers. 

Dynamic light scattering revealed submicron particle sizes for the loaded formulation. The CUR–PIP 
microparticles MPCP had an average diameter of ~680 nm, significantly smaller than the ~1500 nm size of 
the non-loaded microparticles MPES100. This size reduction upon drug loading suggests that the presence 
of CURs and PIP promoted the formation of smaller and more uniform particles, possibly by affecting the 
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drying dynamics or reducing droplet viscosity. Notably, according to ISO/TS 80004-2, nanoparticles are 
defined as having dimensions 1–100 nm and microparticles 1–1000 μm; thus, our particles are in the 
submicrometer regime [24]. Such submicron sizes are advantageous for oral delivery of hydrophobic 
compounds, as they can improve dissolution rates and bioavailability. The size range observed here is 
consistent with other spray-dried Eudragit® S100 systems intended for intestinal release [22,25], and in fact 
is smaller than the particle sizes commonly reported for similar spray-dried formulations [22,26,27]. The 
substantial size difference between loaded and unloaded particles in our study indicates that inclusion of 
CURs and PIP influences the spray-drying outcome, potentially by altering surface tension or polymer 
coalescence during solvent evaporation. 

The zeta potential of approximately –40.5 mV for the drug-loaded microparticles reflects the anionic 
character conferred by the carboxylate groups of Eudragit® S100, a methacrylic acid copolymer. At the 
neutral pH, these carboxylic groups are deprotonated, yielding a negatively charged particle surface. Zeta 
potentials with absolute values exceeding ±30 mV generally indicate a well-stabilized colloid due to 
electrostatic repulsion [28]. In our case, the high negative zeta potential suggests suitable electrostatic 
stabilization of the microparticles, which would minimize aggregation in suspension and is favorable for 
uniform redispersion and handling of the powder. The non-loaded microparticles MPES100 exhibited a 
similarly high negative zeta potential, indicating that the surface charge dominates the zeta potential in both 
formulations. 

FE-SEM imaging further supported the effective incorporation of CURs and PIP [29]. The loaded 
microparticles MPCP were smooth and spherical, lacking any visible crystalline residues on their surfaces, 
in contrast to the raw CURs and PIP powders which showed crystalline structures. The absence of drug 
crystals or phase separation on MPCP surfaces implies that CURs and PIP were largely embedded or 
molecularly dispersed within the polymer matrix and provided a true solid dispersion [30]. This observation 
correlates with the high encapsulation efficiency measured. The FE-SEM-estimated particle diameters 
matched well with the DLS-measured hydrodynamic diameters, indicating that the observed particles were 
individual microspheres rather than large aggregates, and that the DLS values are reliable for the primary 
particle size. Overall, the morphology and size data agree with previous studies using similar spray-drying 
methods and polymers [17], showing that Eudragit® S100 can produce smooth, spherical microcarriers for 
hydrophobic nutraceutical compounds. 

Considering the analytical method, the RP-HPLC/DAD method was the main focus of this study and it 
successfully met all ICH and ANVISA validation criteria. The method demonstrated high specificity, as no 
interfering peaks from the polymer or other matrix components were present at the retention times of CURs 
and PIP. The linear dynamic range for CUR could potentially be extended to lower concentrations if needed 
for applications like bioavailability or pharmacokinetic studies. However, the current range is appropriate and 
fit-for-purpose for quality control assays of formulations, where analyte concentrations are typically in the 
high μg·mL⁻¹ range [31,32]. Indeed, assays of finished nutraceutical or pharmaceutical products often 
operate in similar concentration ranges focusing on content uniformity and stability, as exemplified by prior 
simultaneous CUR–PIP determinations in formulations [9], multi-laboratory studies of curcuminoid 
supplements [30], and stability-indicating analyses of CURs-containing tablets and capsules [34]. In our case, 

choosing the 200–500 μg·mL⁻¹ range for CURs aligns with a target dose of approximately 500 mg CURs per 
serving, which is a clinically relevant dose commonly used in combination with 5–10 mg PIP in human studies 
[35,36,37,38,39]. By aligning the analytical range with such practical dose levels, our method strengthens its 
translational applicability, bridging the gap between bench-top analysis and real-world therapeutic contexts.  

In comparing the chromatographic performance of our method with literature, our isocratic separation 
achieved very short retention times for both CURs and PIP while maintaining baseline resolution and using 
analyte-specific detection wavelengths (410 nm for CURs, 341 nm for PIP). Many published methods show 
longer retention times and different detection choices, owing to variations in columns, mobile phase 
composition, and wavelength selection. For instance, single-wavelength UV detection around 350–360 nm 
yielded retention times of 7.2 min for CUR and 8.5 min for PIP in one method [11]. Ultra-fast methods have 
been reported [10], but those often detect at 282 nm, a wavelength far from the absorbance maximum of 
CURs, which can sacrifice specificity or sensitivity for the sake of speed. Our chosen dual-wavelength 
approach (410 nm and 341 nm) is close to the respective λ max of CURs and PIP, ensuring high sensitivity 
and selectivity for each. With a total run time of 15 min, our method is comparable to or only slightly longer 
than some reports [9–11], but this includes a comfortable window to ensure complete separation and robust 
performance. The accuracy of our method is on par with reference methods. Khismatrao and coauthors [11] 
reported CUR recovery between 98.7–102.9% and PIP recovery between 97.8–100.9%, while Kuber and 
coauthors [10] found 98.0–100.6% for CUR and 99.4–100.0% for PIP.  
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The encapsulation efficiency results were notably high. Such efficiency indicates that essentially all of 
the CURs and PIP content initially added to the feed was retained in the spray-dried microparticles. These 
values are consistent with or higher than those in similar systems. Yupanqui and coauthors [18] reported 
88% encapsulation of CURs in spray-dried turmeric extract microparticles, and our earlier reference [17] on 
PIP microparticles with methacrylate polymers showed 66–90% depending on conditions. The nearly 100% 
encapsulation in our formulation likely reflects a strong affinity between the hydrophobic drug molecules 
(CURs and PIP) and the hydrophobic domains of Eudragit® S100, as well as the optimized solvent system 
(ethanol–water 60:40) which may promote intimate mixing and fast solidification that traps the actives 
efficiently. The slight value above 100% for CUReq (100.18%) is within experimental error but suggests a 
minor systematic bias, possibly due to the conversion of CURs into CUR equivalents. It could also be 
influenced by matrix effects that enhance the UV response of CUR in the sample solution compared to the 
standard solution, given strong absorbance and fluorescent properties for CUR. However, we acknowledge 
this as a point where further confirmation by an independent method as UHPLC or LC–MS/MS analysis of 
individual CURs could be useful to rule out any analytical bias [31,39]. 

Another limitation to note is that our quantification method expresses total CURs as CUR equivalents 
(CUReq), assuming that all three major curcuminoids have a similar detector response as curcumin. In reality, 
demethoxycurcumin and bisdemethoxycurcumin have slightly different molar absorptivities at 410 nm 
compared to CUR. In our formulation, CUR is the predominant component (~74% of total CURs), so using a 
single calibration curve for CUR is a reasonable approximation of the total curcuminoid content. However, if 
the relative proportions of CURs were to change significantly or if one needed to track each curcuminoid 
individually, the single-wavelength CUReq method could introduce a small bias or mask individual behaviors. 
For the purposes of routine quality control, where the goal is typically to assay total active content, the CUReq 
approach is convenient and effective. Nevertheless, for more advanced applications such as detailed 
stability-indicating analysis or pharmacokinetic studies, a more resolutive analytical technique is 
recommended. 

Overall, the formulation and method developed in this paper demonstrate a successful integration of 
CURs and PIP into a spray-dried delivery system and a reliable means of quantifying them simultaneously. 
The high encapsulation, appropriate particle size, and apparent stability indicated by lack of aggregation and 
the absence of crystalline drug on particle surfaces suggest that these microparticles could be an effective 
oral delivery system for CURs with enhanced bioavailability provided by the PIP presence and the polymer 
protection. The validated RP-HPLC/DAD method ensures that such formulations can be quantitatively 
monitored for drug content and uniformity, which is crucial for quality control during product development and 
manufacturing. 

CONCLUSION  

The proposed isocratic RP-HPLC/DAD method demonstrated suitable specificity, linearity, accuracy, 
precision, and robustness for the simultaneous quantification of CURs and PIP within the tested ranges. With 
a short analysis time, conventional solvents, and simple isocratic conditions, the method reduces analytical 
complexity and is cost-effective for routine use. Its reproducibility across different days and analysts indicates 
it can be confidently implemented for batch release testing, formulation screening, and process monitoring. 
In brief, the method is simple, sensitive, and transferable, providing a practical quality control tool for 
nutraceutical/phytochemical products. 
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