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Abstract: Background: Curcumin has been proved to have promising prospects in the
fields of anti-inflammation, antibacterial, anti-oxidation, and neuroprotection. However,
its poor water solubility and stability in strong acid, as well as fast metabolism, lead to
low bioavailability, making it difficult to develop further. This study aimed to improve the
bioavailability of curcumin by using microfluidic preparation technology. Methods: Using
a self-built microfluidic system, polyvinylpyrrolidone K30 and sodium dodecyl sulfate
were used as stabilizers to further prepare curcumin—phospholipid complex nanoparticles
(CPC-NPs) on the basis of curcumin—phospholipid complex (CPC). The CPC-NPs were
characterized and evaluated by X-ray powder diffraction (XRD), differential scanning
caborimetry (DSC), dynamic light scattering, and transmission electron microscopy (TEM).
Blood samples were collected from rats after oral administration of curcumin, CPC, cur-
cumin nanoparticles (CUR-NPs), and CPC-NPs, respectively. The pharmacokinetics were
analyzed by enzymatic digestion and HPLC. Results: The optimized CPC-NPs had a parti-
cle size of 71.19 & 1.37 nm, a PDI of 0.226 £ 0.047, and a zeta potential of —38.23 &+ 0.89 mV,
which showed a spherical structure under TEM and good stability within 5 days at 4 °C and
25 °C. It was successfully characterized by XRD combined with DSC, indicating the inte-
grational state of curcumin-soy lecithin and conversion to an amorphous form. The results
of the pharmacokinetic study showed that the Cpax of curcumin, CUR-NPs, CPC, and CPC-
NPs were 133.60 & 28.10, 270.23 £ 125.42, 1894.43 £ 672.65, and 2163.87 &+ 777.36 ng/mL,
respectively; the AUC_; of curcumin, CUR-NPs, CPC, and CPC-NPs were 936.99 + 201.83,
1155.46 + 340.38, 5888.79 + 1073.32, and 9494.28 + 1863.64 ng/mL/h. Conclusions:
CPC-NPs prepared by microfluidic technology had more controllable quality than that of
traditional preparation and showed superior bioavailability compared with free drug, CPC,
and CUR-NPs. Pharmacodynamic evaluation of anti-inflammatory, anti-oxidation, and
neuroprotection needs to be confirmed in follow-up studies.

Keywords: microfluidics; curcumin; nanosuspensions; nanomedicine; phospholipid
complex; bioavailability

1. Introduction

Curcumin [1,7-bis(4-hydroxy-3-methoxyphenyl) 1,6-heptadiene-3,5-dione] is a polyphe-
nolic compound originally extracted from the rhizome of Curcuma longa L., which has been
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used for more than 4000 years. Modern pharmacological studies have confirmed that
curcumin has anti-inflammatory [1], anti-microbial [2], anti-oxidant [3], and neuropro-
tective effects [4] and has the potential to treat Alzheimer’s disease [5] and many other
diseases [6,7]. Meanwhile, the superior safety profile gives curcumin an adequate dosage
range [8]. Unfortunately, its poor water solubility and stability in strong acids, as well as fast
metabolism, lead to low bioavailability, limiting its clinical application [9,10]. Lu L et al. [11]
found that 75% of curcumin was excreted in the excrement when an oral dose of 1 g/kg was
given to rats, and the content of curcumin in serum remained very low, even undetectable,
atan oral dose of 2 g.

Currently, promising approaches that have been shown to improve bioavailability
mainly focus on the development of novel delivery systems, including but not limited to
nanosuspensions [12], solid lipid nanoparticles [13,14], emulsions [15], micelles [16], lipo-
somes [17,18], polymer nanoparticles [19], and phospholipid complexes [20-22]. Compared
with other widely used nano dosage forms such as SLN, micelles, liposomes, polymer
nanoparticles, etc., phospholipid complexes, as the star dosage forms in recent years, have
more significant advantages. Firstly, phospholipid complexes have better biocompatibility
and safety. This is because the prescription of phospholipid complexes is often only API
and phospholipids, without the need to add the rest of the metal particles or surfactants,
and phospholipids are components of cell membranes, have excellent biocompatibility, and
have a low risk of toxicity, so phospholipid complexes tend to have better safety. Secondly,
the preparation process of phospholipid complexes is relatively simple, often requiring
only the conventional solvent volatilization method, without the need for complex equip-
ment and high-pressure conditions. Thirdly, phospholipid complexes have a relatively
high drug-loading capacity, which is conducive to improving drug safety, economy, and
compliance. The phospholipid complex consists of polar functional groups of the active
ingredient linked to the C=0 or P=0 of phospholipids through hydrogen bonding (not a
mechanical mixture of the two substances) [23], which can be easily prepared to enhance
the bioavailability of curcumin [24]. The most commonly used method for the preparation
of phospholipid complexes is solvent evaporation, which has the disadvantages of being
time-consuming (usually taking 2—4 h [24,25]) and having poor inter-batch consistency.
Meanwhile, the semisolid nature and mediocre oral stability of such a dosage form may
also limit its further application [26]. To overcome these shortcomings, there is an urgent
need for a novel process for the preparation of curcumin—-phospholipid complexes (CPC)
and their nano-formulations that ensures uniform quality of the preparation.

In recent years, the emergence of microfluidic technology has provided new options
for the preparation of nano-carriers. Microfluidics is a science and technology for precise
control of microscale fluids, featuring fluid manipulation in micro- and nanoscale space,
and can provide precise, reproducible, and controlled mixing at nanoliter scales [27]. The
greatest advantage of this technique over traditional methods is the ability to control
the variation of nanoparticles from batch to batch within a limited range while ensuring
mono-dispersion [28-30]. Microfluidic devices expedite fluid mixing, ensuring optimal ho-
mogeneity before nucleation, thereby yielding nanoparticles with superior mono-dispersity;
conversely, traditional methods allow nucleation, growth, and aggregation of nanoparticles
to occur simultaneously, leading to poly-dispersity of the nanoparticles [31,32]. Because the
function of nanoparticles depends greatly on the properties of the nanoparticles, such as
particle size, shape, and zeta potential [33,34], all these properties can be regulated by ad-
justing microfluidic parameters; e.g., different fluid viscosities and flow rates (determined
by Reynolds number and capillary number) can be used to control the particle size and
number of nanoparticles [35].
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Therefore, the aim of this study is to continuously prepare CPC nanosuspensions by
microfluidic technology in a two-step method and systematically evaluate the physicochem-
ical properties and oral bioavailability of curcumin—phospholipid complex nanosuspen-
sions, including the intermediate (CPC) and curcumin nanoparticles (CUR-NPs), to provide
a new idea and method for improving the bioavailability of curcumin and promoting its
commercial production.

2. Materials and Methods
2.1. Materials

Curcumin (>98%), polyvinylpyrrolidone k30 (PVP K30), sodium dodecyl sulfate
(SDS), ethyl acetate (HPLC), and hexyl hydride were provided by Adamas-beta®, Shanghai,
China. 8-Glucuronidase was provided by Sigma-Aldrich (Shanghai) Trading Co., Ltd.,
Shanghai, China. Soy lecithin was provided by AVT (Shanghai) Pharmaceutical Tech
Co., Ltd., Shanghai, China. Methanol (HPLC), acetonitrile (HPLC), ethanol (AR), glacial
acetic acid (AR), and other chemical reagents used were provided by Sinopharm Chemical
Reagent Co., Ltd., Shanghai, China.

2.2. Animals

Pharmacokinetic studies in rats were conducted according to the guidelines of the
Declaration of Helsinki and approved by the Animal Committee of Shanghai University of
Traditional Chinese Medicine (Ethics: PZSHUTCM?2411250002 and approved in June 2024).
Male Sprague-Dawley (SD) rats weighing 200-240 g were provided by Shanghai Sipple-
Bikai Laboratory Animal Co., Ltd., Shanghai, China, and were housed in the Shanghai
University of Traditional Chinese Medicine Laboratory Animal Center (Shanghai, China).
Prior to the start of the experiments, the animals were housed in environmentally controlled
rearing chambers (temperature: 22 + 2 °C, relative humidity: 45-60%) for 2-3 days with
free access to standard laboratory feed and water. The animals were fasted 12 h prior to the
experiment and had free access to water.

2.3. Methods
2.3.1. CPC Preparation by Microfluidics

The preparation of CPC by microfluidics is shown in Figure 1. Curcumin and soy
lecithin were dissolved in anhydrous ethanol and pumped into the microfluidic chip with
a micro syringe pump at different flow rates, respectively. After heating for some time,
the clarified solution obtained was evaporated, and the appropriate amount of n-hexane
solution was added to make it re-dissolve, and the filtrate was filtered through a 0.45 um
microporous filter membrane, and the filtrate was the n-hexane solution of CPC.

2.3.2. CPC-NPs Preparation by Microfluidics

CPC-NPs were prepared on the basis of CPC. The organic (ethanol solutions containing
CPC) and aqueous phases (deionized water containing PVP K30 and SDS) were injected
into the microfluidic fittings at a certain flow rate using two channels of a microsyringe
pump, respectively. The two phases play the role of shearing (aqueous phases) and sheared
(ethanol solutions) in the microfluidic channel, mix thoroughly, and the nanosuspension
of the curcumin-phospholipid complex flows out of the outlet of the device (Figure 1). In
addition, CUR-NPs were prepared according to the same method and used to evaluate the
pharmacokinetics [36].
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Figure 1. Schematic diagram of the preparation process of curcumin—phospholipid complex nanopar-
ticles (CPC-NPs).

2.3.3. Dynamic Light Scattering (DLS) Characterization

CUR-NPs and CPC-NPs were measured using DLS with BeNano 90Zeta (Bettersize
Instruments Ltd., Dandong, China). Three measurements of hydrodynamic diameter (Dh),
polydispersity index (PDI), and (-potential were performed for each sample, and the results
are expressed as mean and standard deviation (SD).

2.3.4. Preparation Optimization

Before conducting the Box-Behnken design experiment (BBD), curcumin concentra-
tion, flow rate ratio, total flow rate, and stabilizer concentration on particle Dh and PDI
were investigated through complete randomized design. On this basis, flow rate ratio
(A), total flow rate (B), and stabilizer concentration (C) were selected as the independent
variables, and particle Dh and PDI were selected as the dependent variables to design a
BBD response surface experiment (three-factor and three-level) using Design-Expert 13®
software. Analysis of variance (ANOVA) was used to analyze the results, and the 3D
surface diagram was drawn to predict the optimal parameters, which were verified by
experiments. The three factors of the experimental design and their respective three levels
are represented in Table 1.

Table 1. Factors and levels in the BBD for CPC-NP preparation.

Factor Name Low Level Medium Level High Medium
A flow rate ratio 8 10 12
B total flow rate (mL/h) 780 1040 1300

Stabilizer concentration
(mg/mL) !

1 Stabilizer concentration refers to the concentration of PVP K30.

C 0.1 0.3 0.5

2.3.5. Infrared Spectral Characterization

Infrared spectral scanning of curcumin, phospholipid, a physical mixture of curcumin
and phospholipid, and CPC using an FTIR spectrometer. Sample preparation by potassium
bromide tableting: the sample is ground, mixed with potassium bromide, and then tableted.

The spectral range was 4004000 cm ! with 32 scans and a resolution of 4 cm 1.



Pharmaceutics 2025, 17, 395

50f 20

2.3.6. Differential Scanning Calorimetry Characterization

Thermal analysis of samples using a 214-DSC calorimeter (NETZSCH, Selb, Germany)
to determine. Curcumin, phospholipid, physical mixture of curcumin and phospholipid,
CPC, CPC-NPs, and CUR-NPs were sealed in the aluminum crimp cell and heated at the
speed of 10 °C/min from 30 °C to 200 °C in a nitrogen atmosphere (40 mL/min).

2.3.7. X-Ray Powder Diffraction Characterization

XRD of curcumin, phospholipid, physical mixture of curcumin and phospholipid,
CPC, CPC-NPs, and CUR-NPs were detected using a D8 ADVANCE X-ray diffractometer
(Bruker, Billerica, MA, USA) and scanned at a diffraction angle range of 5-50° using a
Cu-Ka radiation generator set at 40 mA and 40 kV, with a step length of 0.02° and a speed
of 6°/min.

2.3.8. Transmission Electron Microscopy

CPC-NPs and CUR-NPs were examined morphologically using TEM. A drop of 10 uL
of CPC-NPs and CUR-NPs was applied to a carbon-coated grid (200 mesh, EMCN Co)
that had been glow discharged for 60 s in air, and the grids were immediately negatively
stained using uranyl acetate acid for 60 s. Grids were examined in an H-7800 operated at
80-120 kV.

2.3.9. Drug Loading Capacity

CPC-NPs and CUR-NPs were diluted tenfold with an anhydrous ethanol solution, re-
spectively, followed by centrifugation at 12,000 r/min for ten minutes, and the supernatant
was injected and detected according to the HPLC analytical method. Details of the HPLC
analytical methods are given in the Supplementary Materials.

DLC% = W1/W2 x 100%

where W1 and W2 are the weight of the drug in CPC-NPs (or CUR-NPs) and the weight of
CPC-NPs (or CUR-NPs), respectively.

2.3.10. Stability Study

The prepared CPC-NPs and CUR-NPs were divided into two aliquots; one was stored
at room temperature, and the other was stored in a refrigerator at 4 °C; the Dh and PDI of
the two samples were determined at 0, 4, 8, 24, 48, 72, and 96 h during the stability testing,
respectively. In addition, the stability of CPC-NPs and CUR-NPs under physiological
conditions was determined, i.e., CPC-NPs and CUR-NPs were dispersed in phosphate
buffer solutions at pH 1.2 and pH 7.2, and their Dh and PDI were measured at 0, 2, 4, 6,
and 12 h.

2.3.11. Release Rate In Vitro

Release characterization of CPC, CPC-NPs, and CUR-NPs in release medium (phos-
phate buffer:ethanol = 7:3 at PH 1.2 to simulate gastric fluid environment and PH 6.8 to
simulate intestinal environment) was carried out using the dialysis bag method, respec-
tively [37-41]. One mL of CPC, CPC-NPs, and CUR-NPs dispersions were added to a
ready-to-use dialysis bag with a cut-off relative molecular weight of 3500, respectively, and
subjected to stirring in a 36 °C water bath with heat. One mL of release solution was taken
at 15, 30, 45, 60, 90, 120, 240, 360, 480, 600, and 720 min after the start of the release, and the
same volume and temperature of fresh release medium was added. The release solution
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was centrifuged at 12,000 r/min for 10 min, and the supernatant was taken for HPLC assay
to calculate the cumulative drug release rate.

Cumulative release rate% = Zg (g(t)) x 100

where Cj is the initial concentration of curcumin contained in the dialysis bag sample and
C; is the concentration of curcumin in the phosphate buffer at each sampling time point.

2.3.12. Hemolysis Assay

Hemolysis experiments were conducted to evaluate the bio-compatibility of CPC-NPs
and CUR-NPs [40,42,43]. Saline and a 2% volume fraction of erythrocyte suspension were
mixed as a negative control, and ultrapure water and 2% erythrocyte suspension were
mixed as a positive control group. CUR, CPC, CUR-NPs, and CPC-NPs were dispersed
in saline to a concentration of 1, 3, and 6 ug/mL, respectively. The above samples were
mixed with 2% erythrocyte suspension (v/v, saline) from SD rats, incubated at 37 °C for
4 h, and then centrifuged at 1800 r/min for 10 min to observe whether hemolysis occurred.
The supernatant was taken, and the absorbance value was measured at 570 nm [44], and
the hemolysis rate was calculated (n = 3). The formula for calculating hemolysis rate:
hemolysis rate = (A preparation — A negative — A blank)/(A positive — A negative).

2.3.13. Organic Solvent Residues

The n-hexane solvent used in the preparation of CPC in this study is a class III solvent
(solvents to be avoided) demonstrated in the ICH guidelines, and as a formulation for
oral administration, the residual amount of n-hexane in the final product needs to be
evaluated. Therefore, a gas chromatographic detection method was established to detect
hexane residues in CPC and CPC-NPs using headspace injection.

2.3.14. Pharmacokinetics Study

Twenty-four rats were randomly divided into four groups (N = 6) [45,46]. Curcumin
(control), CPC, CPC-NPs, and CUR-NPs were administered orally at a dose of 200 mg/kg
(based on the content of curcumin). Blood samples were collected at 15, 30, 45, 60, 120,
240, 360, 480, 600, 720, and 840 min after oral administration and stored in EDTA-treated
anticoagulated centrifuge tubes. Plasma samples were centrifuged at 4 °C for 10 min at
3000 r/min, and the supernatant was stored at —80 °C in a refrigerator until analysis.

One hundred pL of 0.1 M ammonium acetate buffer containing 1000 Units of (3-
glucuronidase was added to a certain amount of drug-containing plasma [47,48]. The
mixture was vortexed for 2 min to ensure thorough homogenization, followed by incubation
at 37 °C in a water bath for 2 h to facilitate enzymatic hydrolysis of glucuronidated drug
metabolites. Subsequently, the sample was extracted by adding 0.6 mL of ethyl acetate and
vortexed for an additional 2 min. The mixture was centrifuged at 4 °C and 14,000 rpm for
10 min to separate the phases. The supernatant was then dried under vacuum at 50 °C. The
residue was reconstituted with 100 uL of mobile phase and subjected to ultrasonication
while vortexing for 2 min within ultrasonic for 1 min to ensure complete dissolution. Finally,
this prepared solution was taken and analyzed using a validated HPLC assay.

HPLC analysis was performed on an Agilent 1200 HPLC system equipped with a
C18 column (Pntulips BP-C18Plus, 5 pm x 4.6 mm x 250 mm column, GL Sciences Inc.,
Shanghai, China) and a UV detection wavelength of 426 nm. The mobile phase consisted of
a mixture of acetonitrile and 4% glacial acetic acid (55:45, v/v) with a flow of 1.0 mL/min.
The column temperature was 25 °C and the injection volume was 50 pL. The methodological
validation was described in Supplementary Materials.
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2.3.15. Statistical Analysis

Measurement data obtained were expressed as the means with standard deviation
and performed using SPSS® (Version R26.0). The t-test was used to compare the means
of two groups of measures, and analysis of variance (ANOVA) was used to compare the
means of multiple groups of measures. When p > 0.05, it was considered that there was
no statistically significant difference between the data; when p < 0.05, it was considered
that there was a statistically significant difference between the data; when p < 0.01, it
was considered that there was a statistically very significant difference between the data.
The non-atrial model was analyzed using Phoenix® software (Version 8.5.1) to obtain
pharmacokinetic parameters.

3. Results
3.1. Preparation and Optimization Studies

Referring to previous studies [49], the principle that CPC is dissolved in hexane,
but the free drug is not, was used to confirm the correct process of CPC preparation by
microfluidic technology.

The optimization results of the completely randomized design of CPC- NPs, including
curcumin concentration, stabilizer concentration, flow rate ratio, and total flow rate, were
shown in Figure 2A-D. Dh of CPC-NPs was independent over the range of curcumin con-
centrations tested from 0.5 to 1.5 mg/mL, so the concentration of curcumin was determined
to be 1.5 mg/mL (Figure 2A). Under different stabilizer concentrations, CPC-NPs could
maintain narrowly dispersed (PDI < 0.3), and with the increase of stabilizer concentration,
the particle Dh of CPC-NPs changed from decreasing to increasing to decreasing (Figure 2B).
Meanwhile, with the increase of flow rate ratio (W/O) and total flow rate, the particle Dh of
CPC-NPs decreased, and both maintained a good mono-dispersity coefficient (Figure 2C,D).
The above results indicated that the flow rate ratio as well as the total flow rate are the key
process parameters for the preparation of CPC-NPs by microfluidics, which can be varied
to adjust the particle Dh.
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Figure 2. Summary of the results in the completely randomized design experiment. (A) Effect
of curcumin concentration on nanoparticle particle Dh and PDI. (B) Effect of stabilizer (PVP K30)
concentration on nanoparticle Dh and PDI. (C) Effect of flow rate ratio (W/O) on nanoparticle particle
Dh and PDI. (D) Effect of total flow rate on nanoparticle particle Dh and PDI.
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Subsequently, the 3-factor 3-level BBD response surface study (17 tests in total) was
designed using Design-Expert 13® software with flow rate ratio (A), total flow rate (B),
and stabilizer concentration (C) as independent variables. Due to variations in factor
combinations, the particle Dh ranged from 74 nm to 136 nm (Table 2). The F-value of the
preferred model was 47.18 (p < 0.0001), which met the acceptability criteria of the model,
and the non-significance of the misfit term (0.7542) confirmed the acceptability of the model.
The 3.48% coefficient of variation value and good consistency between the R-squared values
and the adjusted R-squared values (Table 3), both indicating that the model was reliable
and sophisticated.

Table 2. Summary of the results of the 17 tests in the BBD trial.

Std Run Factor A Factor B Factor C Dh/nm PDI
1 14 8 780 0.3 130 0.26
2 1 12 780 0.3 100 0.25
3 12 8 1300 0.3 86 0.21
4 2 12 1300 0.3 80 0.22
5 15 8 1040 0.1 94 0.23
6 10 12 1040 0.1 74 0.20
7 6 8 1040 0.5 107 0.26
8 4 12 1040 0.5 91 0.27
9 17 10 780 0.1 111 0.29
10 3 10 1300 0.1 80 0.23
11 7 10 780 0.5 136 0.27
12 8 10 1300 0.5 96 0.27
13 16 10 1040 0.3 119 0.26
14 5 10 1040 0.3 125 0.31
15 9 10 1040 0.3 123 0.29
16 11 10 1040 0.3 115 0.27
17 13 10 1040 0.3 119 0.29

Table 3. Summary of regression analysis of BBD-fitted models.

Sequential Lack of Fit R2 Adjusted Predicted
p-Value p Value R? R?

Quadratic <0.0001 0.7452 0.9838 0.9629 0.9179 348

Source C.V. %

Then, the validation test was carried out (Table 4), and the 3D surface for the two-factor
interactive effect was plotted (Figure 3). The results showed that the actual measured values
were basically consistent with the predicted values (Figure 4). And the particle Dh of the
prepared CUR-NPs was (180 £ 9.88) nm with (—22.2 4= 0.7) mV in the zeta potential.

Table 4. Optimization of predicted and actual values of CPC-NPs.

Value Factor A Factor B Factor C Dh/nm PDI Ze.ta C.V. %
Potential/mV
Predicted value 11.63 1238.91 0.12 74 / / 1.90
Validating value 11.60 1238.00 0.12 72 +£1.37 0.23 £ 0.05 38.2 0.9 ’

3.2. Stability Study

No obvious aggregation and sedimentation of the samples were found, and the
results of particle Dh measurements at different time points showed good stability over
five days for CPC-NPs and acceptable stability over three days for CUR-NPs, both at
room temperature and at 4 °C (Figure 5A,B). And the PDI of CPC-NPs or CUR-NPs in
both room temperature and 4 °C environments was <0.3 during the stability tests. The
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results of Figure 5C show that CPC-NPs can maintain good stability in both PH 1.2 and
PH 7.2 environments; the results of Figure 5D show that CUR-NPs can maintain relatively
good stability in PH 7.2 environments, and the particle size changes are larger in PH
1.2 environments, which may indicate that strong acidic environments can destroy the
structure of CUR-NPs. The solution appearance of the three preparations, CPC, CUR-NPs,
and CPC-NPs, is shown in Figure 6A.

Figure 3. Three-dimensional surface for two-factor interactive effect. (A) Interaction of flow rate
ratio (W/O) and total flow rate. (B) Interaction of flow rate ratio (W/O) and stabilizer concentration.
(C) Interaction of total flow rate and stabilizer concentration.
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(E) TEM results for CPC-NPs. (F) TEM results for CUR-NPs.

3.3. Drug Loading Capacity

The results of drug loading are shown in Table 5. The results of drug loading showed
that the drug loading capacity of CPC-NPs was about 2.5 times that of CUR-NPs, indicating
that CPC-NPs had a more obvious superiority over CUR-NPs.

Table 5. Drug loading results for CPC-NPs and CUR-NPs (mean + SD, N = 3).

Formulation Curcumin Content-pug/mL DLC%
CPC-NPs 121.21 + 0.56 10.61 + 0.24
CUR-NPs 142.61 +1.35 433 +£0.10

3.4. Hexane Residue

The linear equations of the n-hexane assay were 0.265~12.716 pg/mL (r > 0.999), and
the detection limit of n-hexane was 0.1060 pug/mL calculated according to the signal-to-
noise ratio (SN > 3). The results of n-hexane determination in CPC and CPC-NP samples
according to this assay showed that n-hexane residues in CPC and CPC-NPs were less than
290 ppm (ICH Guidelines for n-hexane residues in CPCs and CPC-NPs). More detailed
information can be found in the Supplementary Materials.

3.5. Infrared Spectral (IR) Characterization

The FT-IR spectroscopy showed that the hydroxyl absorption peak of the CPC based
on microfluidic control technology was 3357 cm~!, and the phenolic hydroxyl absorption
peak located at 3511 cm~! had a lower wavelength shift compared with the curcumin
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monomer. Meanwhile, the C=0 and P=0O absorption peaks were 1733 cm ! and 1265 cm ™!,
respectively, and the corresponding C=0O and P=0 absorption peaks were 1734 cm~! and
1240 cm ™!, respectively. These peaks shifted to higher wave numbers compared with
the corresponding absorption peaks of soybean lecithin (Figure 6B). Compared with the
pre-complexed state, the phenolic hydroxyl group was red-shifted, and P=0O absorption
peaks were blue-shifted, indicating that the -OH in curcumin is connected to P=O in
phospholipids through hydrogen bonding and the CPC successfully complexes.

3.6. Differential Scanning Calorimetry (DSC) Characterization

The DSC thermal analysis plots showed that the free drug had a single melting point at
around 184 °C, indicating the crystalline nature of curcumin, while CPC did not show any
significant melting peaks, indicating that the drug changed from crystalline to amorphous
form after complex formation. On the other hand, the characteristic peak of free drug
produced by pure endothermy at 184 °C in CPC-NPs and CUR-NPs disappeared, and
two distinct endothermy peaks were shown at 155 °C and 164 °C, indicating the formation
of both nanoparticles (Figure 6C).

3.7. X-Ray Powder Diffraction (XRD) Characterization

The XRD analysis plots showed that the diffraction pattern of free drug was strongly
crystalline with more sharp peaks indicating a crystalline form, whereas in CPC these
characteristic peaks disappeared and were replaced by one blunt and broad amorphous
peak (Figure 6D). This may be due to the complexation of curcumin with phospholipids
as well as changes in structural morphology. Meanwhile, the diffraction patterns of both
CPC-NPs and CUR-NPs indicated that the crystal type of curcumin was also changed, and
both were likely to be a “mixture” of crystalline and amorphous forms. Physically mixed
samples provided an objective control, showing that the characteristic summit of curcumin
is largely preserved when curcumin is not complexed with phospholipids.

3.8. Transmission Electron Microscopy (TEM) Characterization

The TEM results showed that the particle size of CPC-NPs was 57-65 nm and that of
CUR-NPs was 152-187 nm. AND the TEM results of CPC-NPs showed that CPC-NPs had
a relatively rounded spherical-like structure with uniform distribution, clear edges, and no
adhesion aggregation. CUR-NPs were basically the same as CPC-NPs (Figure 6E,F).

3.9. Hemolysis Assay

The results showed that the hemolysis rates of CUR, CPC, CPC-NPs, and CUR-NPs
were less than 5%. Interestingly, the hemolysis rate of CUR-NPs turned out to be less than
0, which may imply that CUR-NPs can inhibit the rupture of erythrocytes and maintain
the stability of erythrocyte membranes to a certain extent, thus reducing the degree of
hemolysis, and this protective effect showed a dose dependence within 1-6 ug/mL, and
the CPC-NPs (1-3 pg/mL) presented a similar protective effect to CUR-NPs. However,
CPC-NPs showed an opposite trend at 6 pug/mL versus 3 ug/mL; this may be due to the
presence of SDS (hemolytic agent) in the prescription, as the concentration of Cur increased,
so did the concentration of SDS, increasing the rate of hemolysis. Comparing the results
of CUR and CUR-NPs, CPC, and CPC-NPs, we found that the preparation of prodrugs or
intermediates in the form of nano-formulations can increase their biocompatibility to some
extent. Overall, these data suggest to some extent that microfluidics-based preparation of
CPC, CPC-NPs, and CUR-NPs is quite biocompatible. The detailed results of the hemolysis
experiments are shown in Table 6 and Figures 7 and S5.
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Table 6. Results of hemolysis experiments with curcumin, CUR-NPs, CPC, and CPC-NPs (mean =+ SD,
N =3).

Formulations Concentration-pg/mL Hemolysis/%
1 0.40 £0.16
CUR 3 0.50 £ 0.19
6 0.91 £0.10
1 1.30 £ 0.05
CPC 3 1.63 £0.17
6 1.85 +0.07
1 —-023+0.13
CPC-NPs 3 —0.67 +£0.12
6 1.67 £ 0.13
1 —1.62 £ 0.69
CUR-NPs 3 —2.34+0.23
6 —3.11 £ 0.09
A Positive Negatives CUR 6 pg/ml B Positive Negatives CPC 6 pg/ml

.
‘9’ w - e . "’ .- .

g & ¢ . v

~
CUR 3 pg/ml CUR 1 pg/ml “ CPC 3 pg/ml CPC 1 pg/ml

Positive Negatives CUR-NPs 6 pg/ml

"'» vV ¥V " =
. . 8N U..

- v - B ¥ w
‘ CUR-NPs 3'.'.g/m| CUR-NPs 1 pg/ml CPC-NPs 3 pg/ml CPC-NPs 1 pg/ml

Figure 7. Hemolysis effect of CUR (A) and CPC (B); CUR-NPs (C); and CPC-NPs (D).

3.10. In Vitro Release

The in vitro release profiles of CPC, CPC-NPs, and CUR-NPs are shown in Figure 8
and Table 7. The results showed that, in the environment of simulated gastric fluid (pH 1.2),
CPC was rapidly released within 4 h after administration and reached release equilibrium
after 6 h; the cumulative release rate of CPC was 91.65 =+ 1.07%; CPC-NPs were rapidly
released within 90 min of administration and essentially reached equilibrium at 2 h, and
the cumulative release of CPC-NPs was 56.15 & 1.22%. Like CPC-NPs, CUR-NPs had
similar release characteristics and eventually reached release equilibrium; the cumulative
release was 56.73 £ 1.79%. In the simulated intestinal fluid environment (pH 6.8), the
release characteristics of each group were similar to those of the simulated gastric fluid
environment, although the cumulative release was decreased. The reason for not reaching
100% cumulative release of CPC, CPC-NPs, and CUR-NPs may be due to the decomposition
of curcumin in the in vitro release medium as suggested in previous studies [13,50]. The
cumulative release of curcumin in simulated intestinal fluid (pH 6.8) was lower than that
in simulated gastric fluid (pH 1.2), which may be due to the faster breakdown of curcumin
in neutral and alkaline environments [51]. The cumulative release rates of CPC, CPC-NPs,
and CUR-NPs were fitted to the zero-level, one-level, Higuchi, and Korsmeyer—Peppas
equations, respectively, and the correlation coefficients, R, were calculated, with the closer
the value of R to 1, the higher the agreement with the release equations. The in vitro
releases of CPC, CPC-NPs, and CUR-NPs in the gastric fluid environment (pH 1.2) and in
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the intestinal environment (pH 6.8) were all first-order release equations, indicating that
drug release is mainly dependent on diffusion.

A B
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CPC
CPC-NPs
CUR-NPs

CPC
CPC-NPs
CUR-NPs

©
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Cumulative drug release rate (%)
Cumulative drug release rate (%)
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=)

0 100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800
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Figure 8. (A) Release profiles of CPC, CPC-NPs, and CUR-NPs in simulated gastric fluid (PH = 1.2).
(B) Release profiles of CPC, CPC-NPs, and CUR-NPs in a simulated intestinal environment (pH = 6.8).

Table 7. Release kinetic parameters (r2) for CPC, CPC-NPs, and CUR-NPs data obtained using several
mathematical models.

Slr‘nulated Formulations Release Models R?
Environment
Zero order 0.531
First order 0.992
CPC Higuchi 0.756
Korsmeyer-Peppas 0.831
Zero order 0.466
First order 0.981
Stomach CPC-NPs Higuchi 0.607
Korsmeyer-Peppas 0.727
Zero order 0.390
First order 0.982
CUR-NPs Higuchi 0.698
Korsmeyer-Peppas 0.814
Zero order 0.717
First order 0.981
CPC Higuchi 0.839
Korsmeyer-Peppas 0.858
Zero order 0.391
. First order 0.961
Intestine CPC-NPs Higuchi 0.59%
Korsmeyer-Peppas 0.681
Zero order 0.237
First order 0.955
CUR-NPs Higuchi 0.489
Korsmeyer-Peppas 0.578

3.11. Pharmacokinetics

Non-atrial model analysis was performed using Phoenix® software (Version 8.5.1)
to obtain pharmacokinetic parameters and drug-time curves as shown in Table 8 and
Figure 9. The results showed that the Cpnax of curcumin, CUR-NPs, CPC, and CPC-NPs
were 133.60 £ 28.10, 270.23 & 125.42, 1894.43 + 672.65, and 2163.87 + 777.36 ng/mL; the
AUCq_¢ of curcumin, CUR-NPs, CPC, and CPC-NPs were 936.99 4 201.83, 1155.46 4= 340.38,
5888.79 £ 1073.32, and 9494.28 + 1863.64 ng/mL/h, respectively. Compared with the
curcumin group, the CPC group had an approximately 14-fold increase in Cax and a
6-fold increase in AUC; the CPC-NPs group had an approximately 16-fold increase in Cpax
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and a 10-fold increase in AUC. On the other hand, the pharmacokinetic parameters of
CUR-NPs showed only negligible improvement over free drug, probably due to the larger
particle size of CUR-NPs compared to CPC-NPs and the different loading strategy. These
results indicated that CPC and CPC-NPs formulations could enhance the oral bioavailability
of curcumin.

Table 8. Pharmacokinetic parameters of curcumin, CUR-NPs, CPC, and CPC-NPs (mean =+ SD,
N = 6).

Formulations Tmax/h Tq,/h Cmax/(ng/mL) AUCy /(ng/mL x h)
Curcumin 6.17 £+ 4.09 NA'! 133.60 + 28.10 936.99 + 201.83
CUR-NPs NA'l NA' 270.23 £+ 125.42 1155.46 + 340.38

CPC 1.00 £ 0.25 5.85 4+ 1.50 1894.43 + 672.65 5888.79 + 1073.32
CPC-NPs 0.79 £ 0.37 5.18 £ 2.69 2163.87 4+ 777.36 949428 + 1863.64

I The original data had outliers, which did not conform to the normal distribution, and the sample size was <3
after removing the outliers.

2500
Curcumin
——CPC
—— CPC-NPs
20001 Cur-NPs
E
[e))
£ 1500
- {
.0
©
@ 1000}
0
C
@)
&)
500
ol

0 200 400 600 800
Time/hour

Figure 9. Drug-time curves of curcumin-free drug, CPC, CUR-NPs, and CPC-NPs.

Meanwhile, given the advantages of both the phospholipid matrix and nanoparticles in
promoting drug absorption, the drug peak time of CPC-NPs (0.79 =+ 0.37 h) was much earlier
than that of the free drug (6.17 £ 4.09 h) and even better than that of CPC (1.00 & 0.25 h)
with the advantage of the phospholipid matrix only. The drug half-life of CPC-NPs
was basically consistent with that of CPC. What needs illustration is that due to the low
bioavailability of free drug and CUR-NPs, the objective individual differences will lead
to some outliers in the original data, which do not meet the test provisions of normal
distribution. After the exclusion of outliers, the sample size is less than the minimum value
that can be used for statistics, and it is difficult to conduct analysis.

4. Discussion

In this research, we proposed for the first time a two-step preparation strategy of
CPC-NPs using a microfluidic system in order to overcome the obstacles of curcumin,
such as poor water solubility, poor absorption, and low bioavailability [9,10]. Previously, a
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pure CPC was also considered for development, but its poor oral stability and semisolid
nature undermined its research and development value [30]. Pharmacokinetics studies
confirmed this hypothesis, showing that the bioavailability of CPC-NPs was about 10-fold
higher than that of free drug, while CPC alone only exerted half of the effects of the above
nano-formulations. To further support the necessity for this preparation strategy, CUR-NPs
that did not need to be prefabricated into CPC were compared synchronously and found to
be much less capable of improving bioavailability than CPC or even basically comparable
to the free drug.

From the point of view of the drug release mechanism, there are several possible
differences in the effects of these formulations on the bioavailability of curcumin. The
better performance of CPC than that of the free drug may be related to the phospholipid
in CPC, which can promote the absorption and solubility of curcumin [52]. Additionally;,
due to the sharp increase in the specific surface area of the nano-form [53], the contact area
between CPC-NPs and the absorption site of the gastrointestinal tract is expanded, and
the absorption ability of curcumin is improved. Meanwhile, the outer shell composed of
polyvinylpyrrolidone K30 and sodium dodecyl sulfate enhances the intragastric stability of
the formulation [54] and collaborates with internal phospholipids to complete the delivery
of curcumin. These results not only support the application value of multi-layer drug-
loaded nano-formulations [55] but also provide new ideas for the application of continuous
formulation characteristics of microfluidic systems.

In the process of microfluidic platform design, the inner diameters of the vast majority
of the reference devices are at the micron level [56-59], which considerably limits the drug
preparation ability and increases the blockage risk [60]. In this study, the flow channels
with an inner diameter slightly larger than 1 mm purchased from the market were used
to assemble the microfluidic device used in the experiments. By adjusting the stabilizer
concentration, the two-phase flow rate ratio, and the total flow rate, particles with particle
Dh ranging from 70 nm to 200 nm could be prepared with good mono-dispersity and
reproducibility. These results also indicate that micron-level inner diameters are not a
prerequisite for the preparation of high-quality nano-formulations. From an economical
and commercial point of view, it is possible to avoid the high cost of accessories by using
connection lines and adapters that can be mass-produced.

To further match with the actual commercial environment and R&D conditions, more
convenient analytical methods were also emphasized. After curcumin is absorbed into the
blood, the REDOX metabolism (phase I) and the binding metabolism (phase II) are carried
out in sequence so that the binding reaction of glucose acidification or sulfation occurs
under the action of enzymes, and a considerable part of the free curcumin is converted into
the bound state in the blood [61]. Therefore, based on the principle of reverse enzymolysis,
the decomposition of bound curcumin in blood samples by p-glucuronidase makes it
possible to use HPLC alone to complete the analysis work. In this study, a systematic
HPLC assay that requires pre-enzymolysis of blood samples was developed and validated,
providing a low-cost assay option. Although this strategy can only measure the total
curcumin content in blood (the amount of free curcumin and curcumin-glucosinolate
conjugates), it still has the potential to be generalized from a pharmacological point of view.
Recent studies have shown that glucosinolate conjugates of curcumin exhibit anti-tumor
activities [62,63] and can play an important role in the NF-kB-mediated therapeutic effect
of curcumin in vivo [64]. Studies have shown [65] that curcumin has a sufficiently safe
dose range and that the cytotoxicity of curcumin—-phospholipid nanoparticles originates
from the release of curcumin and is not induced by phospholipids. As for PVP K30, which
is commonly used as an excipient in oral formulations, there is no significant toxicity, so we
believe that CPC, CPC-NPs, and CUR-NPs mentioned in this study may have a sufficiently
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safe dose range. Studies have shown that the metabolites of Cur are distributed in different
tissues, mainly in the spleen, liver, lungs, and kidneys [66]. Detailed information related to
toxicity and in vivo distribution will be disclosed in a subsequent pharmacodynamic study.

However, this study still has several limitations. First, a comprehensive pharmacody-
namic evaluation is not mentioned in this article, and in view of the need to carry out patent
applications in China, these works will be disclosed in the subsequent expression of results.
Secondly, considering the superior bioavailability properties, it is necessary to investigate
the drug release mechanism of CPC-NPs. Furthermore, the feasibility of commercial-scale
production of this strategy should be further verified.

5. Conclusions

This study is the first to propose and systematically characterize a two-step strategy
for the preparation of CPC-NPs using a microfluidic system, which was compared with
free drug, CPC, and CUR-NPs. Despite its promise, microfluidics in the formulation field
still faces bottlenecks in large-scale production (e.g., chip clogging, equipment stability)
and a lack of standardization. This study shows that high-precision microfluidic chips are
no longer a prerequisite for research and that these slightly larger structures have more
potential for industrial applications. Importantly, pharmacokinetic studies confirmed that
the bioavailability of CPC-NPs was superior to that of free drug, CPC, and CUR-NPs,
suggesting the potential of this formulation strategy for practical production. Pharmacody-
namic evaluation of anti-inflammatory, anti-oxidation, and neuroprotection needs to be
confirmed in follow-up studies.
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Abbreviations

The following abbreviations are used in this manuscript:

CPC Curcumin-Phospholipid Complex
CPC-NPs  Curcumin-phospholipid Complex Nanosuspensions
CUR-NPs  Curcumin Nanosuspensions

HPLC High-Performance Liquid Chromatography
IR Infrared Spectroscopy

DsC Differential Scanning Calorimetry

XRD X-ray Diffraction

TEM Transmission Electron Microscope

PDI Poly Dispersity Index

Zeta Zeta potential

IS Internal Standard

References

1.

10.

11.

12.

13.

14.

15.

Mohammadi, M.; Abadi, FS.; Haddadji, R.; Nili-Ahmadabadi, A. Antinociceptive and anti-inflammatory actions of curcumin and
nano curcumin: A comparative study. Res. Pharm. Sci. 2023, 18, 604—613. [PubMed]

Chaturvedi, M.; Mishra, M.; Pandey, A.; Gupta, ].; Pandey, J.; Gupta, S.; Malik, M.Z.; Somvanshi, P.; Chaturvedi, R. Oxidative
Products of Curcumin Rather Than Curcumin Bind to Helicobacter Pylori Virulence Factor VacA and Are Required to Inhibit Its
Vacuolation Activity. Molecules 2022, 27, 6727. [CrossRef]

Dehzad, M.].; Ghalandari, H.; Nouri, M.; Askarpour, M. Antioxidant and anti-inflammatory effects of curcumin/turmeric
supplementation in adults: A GRADE-assessed systematic review and dose-response meta-analysis of randomized controlled
trials. Cytokine 2023, 164, 156144. [CrossRef]

Sadek, M. A ; Rabie, M.A; El Sayed, N.S.; Sayed, HM.; Kandil, E.A. Neuroprotective effect of curcumin against experimental
autoimmune encephalomyelitis-induced cognitive and physical impairments in mice: An insight into the role of the AMPK/SIRT1
pathway. Inflammopharmacology 2024, 32, 1499-1518.

Shao, S.; Ye, X.; Su, W.,; Wang, Y. Curcumin alleviates Alzheimer’s disease by inhibiting inflammatory response, oxidative stress
and activating the AMPK pathway. J. Chem. Neuroanat. 2023, 134, 102363.

He, Q.; Liu, C.; Wang, X,; Rong, K.; Zhu, M.; Duan, L.; Zheng, P.; Mi, Y. Exploring the mechanism of curcumin in the treatment of
colon cancer based on network pharmacology and molecular docking. Front. Pharmacol. 2023, 14, 1102581. [CrossRef] [PubMed]
Deng, T.; Xu, J.; Wang, Q.; Wang, X.; Jiao, Y.; Cao, X.; Geng, Q.; Zhang, M.; Zhao, L.; Xiao, C. Inmunomodulatory effects of
curcumin on macrophage polarization in theumatoid arthritis. Front. Pharmacol. 2024, 15, 1369337.

Riewe, |.; Erfle, P.; Melzig, S.; Kwade, A.; Dietzel, A.; Bunjes, H. Antisolvent precipitation of lipid nanoparticles in microfluidic
systems—A comparative study. Int. J. Pharm. 2020, 579, 119167. [PubMed]

Nayakula, M.; Jeengar, M.K; Naidu, V.G.M.; Chella, N. Enhanced Pharmacokinetics and Anti-inflammatory Activity of Curcumin
Using Dry Emulsion as Drug Delivery Vehicle. Eur. ]. Drug Metab. Pharmacokinet. 2023, 48, 189-199. [CrossRef]

More, S.; Pawar, A. Brain Targeted Curcumin Loaded Turmeric Oil Microemulsion Protects Against Trimethyltin Induced
Neurodegeneration in Adult Zebrafish: A Pharmacokinetic and Pharmacodynamic Insight. Pharm. Res. 2023, 40, 675-687.
[CrossRef]

Liu, L.; Yang, S.; Chen, F.; Cheng, K.W. Polysaccharide-Zein Composite Nanoparticles for Enhancing Cellular Uptake and Oral
Bioavailability of Curcumin: Characterization, Anti-colorectal Cancer Effect, and Pharmacokinetics. Front. Nutr. 2022, 9, 846282.
[CrossRef]

Liu, J.; Li, S.; Ao, W.; Li, Y,; Xiao, Y.; Bai, M. Fabrication of an aprepitant nanosuspension using hydroxypropyl chitosan to increase
the bioavailability. Biochem. Biophys. Res. Commun. 2022, 631, 72-77. [CrossRef] [PubMed]

Gupta, T.; Singh, J.; Kaur, S.; Sandhu, S.; Singh, G.; Kaur, LP. Enhancing Bioavailability and Stability of Curcumin Using Solid
Lipid Nanoparticles (CLEN): A Covenant for Its Effectiveness. Front. Bioeng. Biotechnol. 2020, 8, 879.

Peng, S.; Li, Z.; Zou, L.; Liu, W,; Liu, C.; McClements, D.J. Improving curcumin solubility and bioavailability by encapsulation
in saponin-coated curcumin nanoparticles prepared using a simple pH-driven loading method. Food Funct. 2018, 9, 1829-1839.
[CrossRef] [PubMed]

Chen, X.L,; Liang, X.L.; Zhao, G.W.; Zeng, Q.Y.; Dong, W.; Ou, L.Q.; Zhang, H.N.; Jiang, Q.Y.; Liao, Z.G. Improvement of the
bioavailability of curcumin by a supersaturatable self nanoemulsifying drug delivery system with incorporation of a hydrophilic
polymer: In vitro and in vivo characterisation. J. Pharm. Pharmacol. 2021, 73, 641-652.


https://www.ncbi.nlm.nih.gov/pubmed/39005568
https://doi.org/10.3390/molecules27196727
https://doi.org/10.1016/j.cyto.2023.156144
https://doi.org/10.3389/fphar.2023.1102581
https://www.ncbi.nlm.nih.gov/pubmed/36874006
https://www.ncbi.nlm.nih.gov/pubmed/32087265
https://doi.org/10.1007/s13318-023-00819-7
https://doi.org/10.1007/s11095-022-03467-9
https://doi.org/10.3389/fnut.2022.846282
https://doi.org/10.1016/j.bbrc.2022.09.031
https://www.ncbi.nlm.nih.gov/pubmed/36179498
https://doi.org/10.1039/C7FO01814B
https://www.ncbi.nlm.nih.gov/pubmed/29517797

Pharmaceutics 2025, 17, 395 18 of 20

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Qian, T,; Li, Z,; Shang, L.; Huang, S.; Li, G.; Zheng, W.; Mao, Y. pH/Temperature Responsive Curcumin-Loaded Micelle
Nanoparticles Promote Functional Repair after Spinal Cord Injury in Rats via Modulation of Inflammation. Tissue Eng. Regen.
Med. 2023, 20, 879-892. [CrossRef]

Zhang, ].J.; Luo, Q.S.; Li, Q.Q.; Xu, Q.; Geng, X.; Xiong, ].H. Fabrication and characterization of TPGS-modified chlorogenic acid
liposomes and its bioavailability in rats. RSC. Adv. 2024, 14, 25289-25300. [CrossRef]

De Leo, V.; Maurelli, A.M.; Giotta, L.; Daniello, V.; Di Gioia, S.; Conese, M.; Ingrosso, C.; Ciriaco, F.; Catucci, L. Polymer
Encapsulated Liposomes for Oral Co-Delivery of Curcumin and Hydroxytyrosol. Int. J. Mol. Sci. 2023, 24, 790. [CrossRef]

Wu, W; Wu, J.; Fu, Q.; Jin, C,; Guo, F; Yan, Q.; Yang, Q.; Wu, D.; Yang, Y.; Yang, G. Elaboration and characterization of
curcumin-loaded Tri-CL-mPEG three-arm copolymeric nanoparticles by a microchannel technology. Int. |. Nanomed. 2019, 14,
4683-4695. [CrossRef]

Song, W.; Chen, X,; Dai, C.; Lin, D.; Pang, X.; Zhang, D.; Liu, G.; Jin, Y.; Lin, J]. Comparative Study of Preparation, Evaluation, and
Pharmacokinetics in Beagle Dogs of Curcumin 3-Cyclodextrin Inclusion Complex, Curcumin Solid Dispersion, and Curcumin
Phospholipid Complex. Molecules 2022, 27, 2998. [CrossRef]

Patil, J.; Bhattacharya, S.; Saoji, S.D.; Dande, P. Cabozantinib-phospholipid complex for enhanced solubility, bioavailability, and
reduced toxicity in liver cancer. Ther. Deliv. 2025, 16, 25-41. [CrossRef] [PubMed]

Tong, Y.; Shi, W.; Zhang, Q.; Wang, J. Preparation, Characterization, and In Vivo Evaluation of Gentiopicroside-Phospholipid
Complex (GTP-PC) and Its Self-Nanoemulsion Drug Delivery System (GTP-PC-SNEDDS). Pharmaceuticals 2023, 16, 99. [CrossRef]
Talaat, S.M.; Elnaggar, Y.S.R.; El-Ganainy, S.O.; Gowayed, M.A.; Allam, M.; Abdallah, O.Y. Self-assembled fisetin-phospholipid
complex: Fisetin-integrated phytosomes for effective delivery to breast cancer. Eur. J. Pharm. Biopharm. 2023, 189, 174-188.
Dang Kim, T.; Nguyen Thanh, H.; Nguyen Thuy, D.; Vu Duc, L.; Vu Thi, T.; Vu Manh, H.; Boonsiri, P.; Bui Thanh, T. Anticancer
effects of saponin and saponin—phospholipid complex of Panax notoginseng grown in Vietnam. Asian Pac. ]. Trop. Biomed. 2016, 6,
795-800.

Hao, Y.,; Wang, L.; Li, J.; Liu, N.; Feng, J.; Zhao, M.; Zhang, X. Enhancement of Solubility, Transport Across Madin-Darby Canine
Kidney Monolayers and Oral Absorption of Pranlukast Through Preparation of a Pranlukast-Phospholipid Complex. J. Biomed.
Nanotechnol. 2015, 11, 469-477.

Li, Q.; Zhang, W.; Hao, H. Preparation, characterization and in vivo oral pharmacokinetics of hesperidin phospholipids complex
nanosuspensions. Zhong Cao Yao 2022, 53, 7740-7750.

Shepherd, S.J.; Warzecha, C.C.; Yadavali, S.; El-Mayta, R.; Alameh, M.G.; Wang, L.; Weissman, D.; Wilson, ].M.; Issadore, D.;
Mitchell, M.J. Scalable mRNA and siRNA Lipid Nanoparticle Production Using a Parallelized Microfluidic Device. Nano Lett.
2021, 21, 5671-5680. [PubMed]

Maeki, M.; Uno, S.; Niwa, A.; Okada, Y.; Tokeshi, M. Microfluidic technologies and devices for lipid nanoparticle-based RNA
delivery. J. Control. Release 2022, 344, 80-96.

Bendre, A.; Bhat, M.P;; Lee, K.-H.; Altalhi, T.; Alrugi, M.A.; Kurkuri, M. Recent developments in microfluidic technology for
synthesis and toxicity-efficiency studies of biomedical nanomaterials. Mater. Today Adv. 2022, 13, 100205. [CrossRef]

Roces, C.B.; Lou, G.; Jain, N.; Abraham, S.; Thomas, A.; Halbert, G.W.; Perrie, Y. Manufacturing Considerations for the
Development of Lipid Nanoparticles Using Microfluidics. Pharmaceutics 2020, 12, 1095. [CrossRef]

Zhang, H.; Yang, J.; Sun, R,; Han, S.; Yang, Z.; Teng, L. Microfluidics for nano-drug delivery systems: From fundamentals to
industrialization. Acta. Pharm. Sin. B 2023, 13, 3277-3299. [CrossRef] [PubMed]

Liu, Z.; Fontana, F; Python, A.; Hirvonen, J.T.; Santos, H.A. Microfluidics for Production of Particles: Mechanism, Methodology,
and Applications. Small 2020, 16, €1904673. [CrossRef]

Rezvantalab, S.; Keshavarz Moraveji, M. Microfluidic assisted synthesis of PLGA drug delivery systems. RSC Adv. 2019, 9,
2055-2072. [CrossRef] [PubMed]

Younis, M.A.; Khalil, .A.; Elewa, Y.H.A.; Kon, Y.; Harashima, H. Ultra-small lipid nanoparticles encapsulating sorafenib and
midkine-siRNA selectively-eradicate sorafenib-resistant hepatocellular carcinoma in vivo. J. Control. Release 2021, 331, 335-349.
[CrossRef] [PubMed]

Zhao, C.X. Multiphase flow microfluidics for the production of single or multiple emulsions for drug delivery. Adv. Drug Deliv.
Rev. 2013, 65, 1420-1446. [CrossRef]

Zhang, ]. Preparation and Oral Bioavailability Study of Curcumin Nanocrystals by Microfluidics. Master’s Thesis, Dali University,
Dali, China, 2022.

Zhang, X.; Zhu, Y,; Fan, L.; Ling, J.; Yang, L.Y.; Wang, N.; Ouyang, X.K. Delivery of curcumin by fucoidan-coated mesoporous
silica nanoparticles: Fabrication, characterization, and in vitro release performance. Int. J. Biol. Macromol. 2022, 211, 368-379.
[CrossRef]

Le, TT.N.; Nguyen, TK.N.; Nguyen, V.M.; Dao, T.C.M.; Nguyen, H.B.C.; Dang, C.T.; Le, T.B.C.; Nguyen, TK.L.; Nguyen, PT.T,;
Dang, L.H.N,; et al. Development and Characterization of a Hydrogel Containing Curcumin-Loaded Nanoemulsion for Enhanced
In Vitro Antibacteria and In Vivo Wound Healing. Molecules 2023, 28, 6433. [CrossRef]


https://doi.org/10.1007/s13770-023-00567-4
https://doi.org/10.1039/D4RA04116J
https://doi.org/10.3390/ijms24010790
https://doi.org/10.2147/IJN.S198217
https://doi.org/10.3390/molecules27092998
https://doi.org/10.1080/20415990.2024.2435240
https://www.ncbi.nlm.nih.gov/pubmed/39611708
https://doi.org/10.3390/ph16010099
https://www.ncbi.nlm.nih.gov/pubmed/34189917
https://doi.org/10.1016/j.mtadv.2022.100205
https://doi.org/10.3390/pharmaceutics12111095
https://doi.org/10.1016/j.apsb.2023.01.018
https://www.ncbi.nlm.nih.gov/pubmed/37655333
https://doi.org/10.1002/smll.201904673
https://doi.org/10.1039/C8RA08972H
https://www.ncbi.nlm.nih.gov/pubmed/35516107
https://doi.org/10.1016/j.jconrel.2021.01.021
https://www.ncbi.nlm.nih.gov/pubmed/33484779
https://doi.org/10.1016/j.addr.2013.05.009
https://doi.org/10.1016/j.ijbiomac.2022.05.086
https://doi.org/10.3390/molecules28176433

Pharmaceutics 2025, 17, 395 19 of 20

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Fang, M.; Jin, Y.; Bao, W.; Gao, H.; Xu, M.; Wang, D.; Wang, X.; Yao, P; Liu, L. In vitro characterization and in vivo evaluation of
nanostructured lipid curcumin carriers for intragastric administration. Int. . Nanomed. 2012, 7, 5395-5404. [CrossRef]

Wei, Y.; Wei, Y,; Sheng, L.; Ma, J.; Su, Z.; Wen, J.; Li, L.; Jia, Q.; Liu, H,; Si, H.; et al. Construction of Curcumin and Paclitaxel
Co-Loaded Lipid Nano Platform and Evaluation of Its Anti-Hepatoma Activity in vitro and Pharmacokinetics in vivo. Int. J.
Nanomed. 2023, 18, 2087-2107. [CrossRef]

Adel, LM.; EIMeligy, M.E,; Abdelrahim, M.E.A.; Maged, A.; Abdelkhalek, A.A.; Abdelmoteleb, A.M.M.; Elkasabgy, N.A. Design
and Characterization of Spray-Dried Proliposomes for the Pulmonary Delivery of Curcumin. Int. ]. Nanomed. 2021, 16, 2667-2687.
[CrossRef]

Jin, H; Luo, R.; Li, J.; Zhao, H.; Ouyang, S.; Yao, Y.; Chen, D.; Ling, Z.; Zhu, W.; Chen, M,; et al. Inhaled platelet vesicle-decoyed
biomimetic nanoparticles attenuate inflammatory lung injury. Front. Pharmacol. 2022, 13, 1050224.

Zamani, M.; Aghajanzadeh, M.; Jashnani, S.; Shahangian, S.S.; Shirini, F. Hyaluronic acid coated spinel ferrite for combination of
chemo and photodynamic therapy: Green synthesis, characterization, and in vitro and in vivo biocompatibility study. Int. J. Biol.
Macromol. 2022, 219, 709-720. [PubMed]

Rahman, M.A_; Mittal, V.; Wahab, S.; Alsayari, A.; Bin Muhsinah, A.; Almaghaslah, D. Intravenous Nanocarrier for Improved
Efficacy of Quercetin and Curcumin against Breast Cancer Cells: Development and Comparison of Single and Dual Drug-Loaded
Formulations Using Hemolysis, Cytotoxicity and Cellular Uptake Studies. Membranes 2022, 12, 713. [CrossRef] [PubMed]
Adiwidjaja, J.; Sasongko, L. Effect of Nigella sativa oil on pharmacokinetics and pharmacodynamics of gliclazide in rats. Biopharm.
Drug Dispos. 2021, 42, 359-371.

Shahid, M.; Ahmad, A.; Raish, M.; Bin Jardan, Y.A.; Alkharfy, KM.; Ahad, A.; Abul Kalam, M.; Ahmad Ansari, M.; Igbal, M.;
Ali, N.; et al. Herb-drug interaction: Effect of sinapic acid on the pharmacokinetics of dasatinib in rats. Saudi Pharm. J. 2023,
31, 101819.

Fanca-Berthon, P.,; Tenon, M.; Bouter-Banon, S.L.; Manfre, A.; Maudet, C.; Dion, A.; Chevallier, H.; Laval, J.; van Breemen, R.B.
Pharmacokinetics of a Single Dose of Turmeric Curcuminoids Depends on Formulation: Results of a Human Crossover Study.
J. Nutr. 2021, 151, 1802-1816.

Luis, P.B.; Kunihiro, A.G.; Funk, J.L.; Schneider, C. Incomplete Hydrolysis of Curcumin Conjugates by beta-Glucuronidase:
Detection of Complex Conjugates in Plasma. Mol. Nutr. Food Res. 2020, 64, €1901037.

Wu, X; Hao, H.; Zhang, Y.; Song, X.; Liu, X.; Zhang, H. The bioavailability influence of oral curcumin-phospholipid complex
preparations on SD rats. Chin. Tradit. Pat. Med. 2015, 37, 2163-2166.

Naksuriya, O.; van Steenbergen, M.J.; Torano, J.S.; Okonogi, S.; Hennink, W.E. A Kinetic Degradation Study of Curcumin in Its
Free Form and Loaded in Polymeric Micelles. AAPS |. 2016, 18, 777-787.

Wang, Y.J.; Pan, M.H.; Cheng, A.L,; Lin, LI; Ho, Y.S; Hsieh, C.Y.; Lin, J.K. Stability of curcumin in buffer solutions and
characterization of its degradation products. J. Pharm. Biomed. Anal. 1997, 15, 1867-1876.

Zhang, K.; Zhang, M,; Liu, Z.; Zhang, Y.; Gu, L.; Hu, G.; Chen, X;; Jia, ]. Development of quercetin-phospholipid complex to
improve the bioavailability and protection effects against carbon tetrachloride-induced hepatotoxicity in SD rats. Fitoterapia 2016,
113, 102-109. [CrossRef] [PubMed]

Zhang, X.; Guo, T,; Liu, X,; Kuang, W.; Zhong, Y.; Zhang, M.; Huang, Y.; Liu, Z. Anti-solvent precipitation for the preparation of
nobiletin nano-particles under ultrasonication-cis/reverse homogenization. Ultrason. Sonochem. 2023, 96, 106433. [CrossRef]
[PubMed]

Li,M,; Li, H;; Lu, L,; Fu, J.; Ao, H,; Han, M.; Guo, Y.; Zhang, H.; Wang, Z.; Wang, X. Simple preparation and greatly improved
oral bioavailability: The supersaturated drug delivery system of quercetin based on PVP K30. Drug Deliv. Transl. Res. 2024, 14,
3225-3238.

Wei, W.; Sun, ]J.; Guo, X.Y.; Chen, X.; Wang, R.; Qiu, C.; Zhang, H.T.; Pang, W.H.; Wang, J.C.; Zhang, Q. Microfluidic-Based
Holonomic Constraints of siRNA in the Kernel of Lipid /Polymer Hybrid Nanoassemblies for Improving Stable and Safe In Vivo
Delivery. ACS Appl. Mater. Interfaces 2020, 12, 14839-14854. [PubMed]

Peyret, C.; Manousaki, A.; Bouguet-Bonnet, S.; Stratakis, E.; Sanchez-Gonzalez, L.; Kahn, C.J.E; Arab-Tehrany, E. Nanoliposomes
Permeability in a Microfluidic Drug Delivery Platform across a 3D Hydrogel. Pharmaceutics 2024, 16, 765. [CrossRef]

Guo, M,; Cui, W,; Li, Y,; Fei, S.; Sun, C.; Tan, M.; Su, W. Microfluidic fabrication of size-controlled nanocarriers with improved
stability and biocompatibility for astaxanthin delivery. Food Res. Int. 2023, 170, 112958.

Zhang, Y.; Wong, C.YJ.; Gholizadeh, H.; Aluigi, A.; Tiboni, M.; Casettari, L.; Young, P; Traini, D.; Li, M.; Cheng, S.; et al.
Microfluidics assembly of inhalable liposomal ciprofloxacin characterised by an innovative in vitro pulmonary model. Int. J.
Pharm. 2023, 635, 122667.

Sartipzadeh, O.; Naghib, S.M.; Haghiralsadat, F.; Shokati, F.; Rahmanian, M. Microfluidic-assisted synthesis and modeling of
stimuli-responsive monodispersed chitosan microgels for drug delivery applications. Sci. Rep. 2022, 12, 8382.

Venugopal, D.; Kasani, N.; Manjunath, Y.; Li, G.; Kaifi, ].T.; Kwon, ].W. Clog-free high-throughput microfluidic cell isolation with
multifunctional microposts. Sci. Rep. 2021, 11, 16685. [CrossRef]


https://doi.org/10.2147/IJN.S36257
https://doi.org/10.2147/IJN.S399289
https://doi.org/10.2147/IJN.S306831
https://www.ncbi.nlm.nih.gov/pubmed/35961551
https://doi.org/10.3390/membranes12070713
https://www.ncbi.nlm.nih.gov/pubmed/35877916
https://doi.org/10.1016/j.fitote.2016.07.008
https://www.ncbi.nlm.nih.gov/pubmed/27431774
https://doi.org/10.1016/j.ultsonch.2023.106433
https://www.ncbi.nlm.nih.gov/pubmed/37163955
https://www.ncbi.nlm.nih.gov/pubmed/32182035
https://doi.org/10.3390/pharmaceutics16060765
https://doi.org/10.1038/s41598-021-94123-6

Pharmaceutics 2025, 17, 395 20 of 20

61.

62.

63.

64.

65.

66.

Zhong, S.J.; Xing, Y.D.; Dong, L.Y.; Chen, Y.; Liu, N.; Wang, Z.M.; Zhang, H.; Zheng, A.P. Progress in the study of curcumin
metabolism in vivo. J. Asian Nat. Prod. Res. 2024, 1-19. [CrossRef]

Ozawa-Umeta, H.; Kishimoto, A.; Imaizumi, A.; Hashimoto, T.; Asakura, T.; Kakeya, H.; Kanai, M. Curcumin beta-D-glucuronide
exhibits anti-tumor effects on oxaliplatin-resistant colon cancer with less toxicity in vivo. Cancer Sci. 2020, 111, 1785-1793.
[CrossRef] [PubMed]

Ozawa, H.; Imaizumi, A.; Sumi, Y.; Hashimoto, T.; Kanai, M.; Makino, Y.; Tsuda, T.; Takahashi, N.; Kakeya, H. Curcumin
-D-Glucuronide Plays an Important Role to Keep High Levels of Free-Form Curcumin in the Blood. Biol. Pharm. Bull. 2017, 40,
1515-1524. [PubMed]

Bolger, G.T.; Pucaj, K.; Minta, Y.O.; Sordillo, P. Relationship between the in vitro efficacy, pharmacokinetics and in vivo efficacy of
curcumin. Biochem. Pharmacol. 2022, 205, 115251.

Xie, J.; Li, Y.; Song, L.; Pan, Z.; Ye, S.; Hou, Z. Design of a novel curcumin-soybean phosphatidylcholine complex-based targeted
drug delivery systems. J. Drug Deliv. 2017, 24, 707-719.

Chang, R.; Chen, L.; Qamar, M.; Wen, Y,; Li, L.; Zhang, J.; Li, X.; Assadpour, E.; Esatbeyoglu, T.; Kharazmi, M.S.; et al. The
bioavailability, metabolism and microbial modulation of curcumin-loaded nanodelivery systems. Adv. Colloid Interface Sci. 2023,
318,102933.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1080/10286020.2024.2420619
https://doi.org/10.1111/cas.14383
https://www.ncbi.nlm.nih.gov/pubmed/32163218
https://www.ncbi.nlm.nih.gov/pubmed/28867734

	Introduction 
	Materials and Methods 
	Materials 
	Animals 
	Methods 
	CPC Preparation by Microfluidics 
	CPC-NPs Preparation by Microfluidics 
	Dynamic Light Scattering (DLS) Characterization 
	Preparation Optimization 
	Infrared Spectral Characterization 
	Differential Scanning Calorimetry Characterization 
	X-Ray Powder Diffraction Characterization 
	Transmission Electron Microscopy 
	Drug Loading Capacity 
	Stability Study 
	Release Rate In Vitro 
	Hemolysis Assay 
	Organic Solvent Residues 
	Pharmacokinetics Study 
	Statistical Analysis 


	Results 
	Preparation and Optimization Studies 
	Stability Study 
	Drug Loading Capacity 
	Hexane Residue 
	Infrared Spectral (IR) Characterization 
	Differential Scanning Calorimetry (DSC) Characterization 
	X-Ray Powder Diffraction (XRD) Characterization 
	Transmission Electron Microscopy (TEM) Characterization 
	Hemolysis Assay 
	In Vitro Release 
	Pharmacokinetics 

	Discussion 
	Conclusions 
	References

