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ABSTRACT: Baicalin (BCL), a well-known flavonoid molecule, has
numerous therapeutic applications. However, its low water solubility
and bioavailability limit its applicability. Microfluidics is a new method
for liposome preparation that provides efficient and rapid control of
the process, improving the stability and controllability. This study used
microfluidic techniques to create baicalin liposomes (BCL-LPs), first
screening for optimal total flow rates (TFR) and flow rate ratios
(FRR), and then optimizing the phospholipid concentration,
phospholipid-to-cholesterol ratio, and Tween-80 concentration using
univariate and response surface methodology approaches. The study
found that the ideal phospholipid content was 9.5%, the phospholipid-
to-cholesterol ratio was 9:1 (w:w), and the Tween-80 concentration
was 15%. BCL-LPs achieved 95.323% ± 0.481% encapsulation efficiency under the optimum circumstances. Characterization
indicated that the BCL-LPs were spherical and uniform in size, with a mean diameter of 62.32 nm ± 0.42, a polydispersity index of
0.092 ± 0.009, and a zeta potential of −25.000 mV ± 0.216. In vitro experiments found that BCL-LPs had a better slow-release effect
and stability than the BCL monomer. In zebrafish bioassays, BCL-LPs performed better than BCL monomer in terms of biological
activity and bioavailability. The established method provided a feasible medicine delivery platform for BCL and could apply for the
transport and encapsulation of more natural compounds, expanding the applications of drug delivery systems in healthcare and
cancer therapies.

1. INTRODUCTION
A common drug in China is a flavonoid belonging to the
glucuronic acid group called baicalin (BCL). It is taken out and
separated from the dried root of the dicotyledonous Labiatae
family plant, Scutellaria baicalensis.1 Modern pharmacological
studies have established that BCL has strong pharmacological
activities, including antitumor,2 anti-inflammatory,3 antiviral,4

and antibacterial effects.5 Shi et al. discovered that BCL has a
potential anticancer impact in liver cancer intervention by
increasing NRF2/HO-1 expression and decreasing levels of
NLRP3/Caspase1/GSDMD, which are engaged in the
pyroptosis pathway.6 Jiang et al. discovered that BCL could
slow the progression of T2D-induced liver cancer by targeting
epigenetic changes in the HKDC1 gene. It specifically
modulates the m6A site (2854 site) via the METTL3 gene,
indicating that it could be used to treat hepatic malignancies
linked with diabetes.7 However, BCL has been limited in
medical applications due to its low water solubility and
instability under physiological settings. Over the last two
decades, nanodelivery of bioactive substances has emerged as a
priority study area in food science. This is predicated on the
benefits of nanoencapsulation and administration, such as
improved stability and bioavailability of encapsulated com-

pounds.8 Therefore, various nanocarriers, including nano-
liposomes,9 nano emulsions,10 microcapsules,11 and hydro-
gels,12 have been produced to encapsulate bioactive materials.
The goal is to improve the stability, dispersion, bioavailability,
and bioactive characteristics of phytochemicals for use as nano
active carriers. Unlike other drug delivery technologies,
liposomes can transport and preserve a wide range of
hydrophilic and hydrophobic biomolecules. This is due to
their unique phospholipid bilayer, which effectively protects
the encapsulated bioactive chemicals from external influence.13

Liposomes are made up of biocompatible materials that make
them biodegradable and low in toxicity, increasing the
solubility of the inserted medicine. They provide greater
resistance to chemical and biological degradation during
storage and administration in the human body.14
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Additional advantages include an increased therapeutic
index and efficacy of medications encapsulated in liposomes
as well as a reduction in direct exposure of sensitive tissues to
hazardous chemicals. Because of their wide range of
applications, several approaches for manufacturing and
producing liposomes have emerged, including ether injec-
tion,15 film dispersion,16 reverse evaporation,17 and freeze-
drying methods.18 However, throughout the production
process, liposomes self-assemble in the phase volume, resulting
in limited control and other uncontrolled aspects such as poor
repeatability and low synthesis efficiency. Yulu Zhang et al., for
example, developed borneol BCL liposomes with a maximum
encapsulation efficiency of about 40%.19 To address the
aforementioned issues, liposome production can be optimized
by using microfluidic technology. This approach enables fine
control over the flow rates of the organic and aqueous phases,
allowing for the creation of liposomes with adjustable sizes and
improved encapsulation efficiency.20

The widespread usage of microfluidic technology highlights
its immense potential in a variety of practical applications.
Among these applications, the use of microfluidic technology
in medication delivery has sparked increased interest and
study.21 Building on this, the size uniformity of liposomes can
be achieved by microfluidic technology via precise regulation
of parameters such as fluid flow rate and droplet size in
microchannels, causing increased drug delivery stability and
accuracy.22 Following formulation screening, we wanted to
identify baicalin-encapsulated liposome formulations with
diameters under 100 nm and a low polydispersity index
(PDI) that exhibit improved encapsulation rates. Nanoparticles
less than 100 nm are often more effective for targeting tumors
because their size allows for greater penetration. Those >100
nm are more likely to have poorer penetrating capabilities.
Furthermore, nanoparticle size has a significant impact on their
intracellular transport patterns, which might influence their
accumulation in tumor tissues.23

The goal of this work was to use a microfluidic technique to
efficiently and accurately create homogeneous BCL-LPs with
high encapsulation efficiency, overcoming the limits of BCL’s
low water solubility and usage. First, response surface
methodology (RSM) was used to construct and optimize the
formulation of BCL-LPs, building on the increased bioavail-
ability of BCL. We also evaluated liposomes manufactured
using the optimal formulation in terms of in vitro release, salt,
pH, heat, and storage stability. The results of the testing
showed that in these various configurations, the BCL-LPs are
quite stable. Then, experiments were performed on transgenic
zebrafish strain Tg (fabp10:rtTA2s-M2; TRE2:EGFP-krasV12)
to evaluate the effects of BCL and BCL-LPs on tumor cells.

2. MATERIAL AND METHODS
2.1. Materials. BCL (purity >98%) was purchased from

Chengdu Desite Biological Technology Co., Ltd. (Chengdu,
China). Soy lecithin was purchased from Shanghai Taiwei
Pharmaceutical Co., Ltd. (Shanghai. China). Cholesterol was
obtained from Shanghai Macklin Biochemical Technology Co.,
Ltd. (Shanghai, China). Mannitol was purchased from Beijing
solarbio science and technology Co., Ltd. (Beijing, China).
The anhydrous ethanol (HPLC grade, purity >99.9%) was
obtained from China National Pharmaceutical Group Ltd.
(Beijing, China). Phosphate-buffered saline (pH = 7.4) was
purchased from Procell Life Science Co., Ltd. (Wuhan, China).

In addition, the ultrapure water is used for liposome
preparation.
2.2. Microfluidic Fabrication of BCL-LPs. Applying the

technique described by Eman Jaradat,24 we generated
liposomes using a microfluidic apparatus. Using a 20-mL
syringe, soy phospholipids, cholesterol, and Tween-80 were
first dissolved in 15 mL of ethanol, according to the necessary
ratios. A second 20-mL syringe was then filled with 15 mL of
ultrapure water after that. Using a syringe pump, the ethanol
and aqueous phases were fully mixed on a microfluidic
liposome production chip to guarantee stable and homoge-
neous liposomes.25

2.3. Optimizing the Preparation Conditions of BCL-
LPs. 2.3.1. Entrapment Efficiency of BCL-LPs. First, we set up
a BCL absorbance standard curve. After dissolving a suitable
quantity of BCL in ethanol and diluting it according to
predetermined ratios, the final concentrations are 20, 40, 60,
80, and 100 μg/mL. Next, we use a UV spectrophotometer to
measure the absorbance at 278 nm and draw the standard
curve (Figure S1).

We used the dialysis technique to calculate the encapsulation
efficiency (EE) of the BCL-LPs. For disruption and subsequent
centrifugation, 1 mL of liposomes was first combined with 3
mL of methanol and 6 mL of ultrapure water. A UV
spectrophotometer (UV-1900) was used to measure the total
drug content after the supernatant was collected. The next
phase involved dialyzing 5 mL of liposomes for 12 h within a
dialysis bag that had already been activated. The same method
was used to test the absorbance of the resulting solution after
dialysis. We determined the concentrations of free and total
medicines by using the BCL absorbance standard curve. In the
final step, the calculated value was obtained based on the given
Equation 1.

=
*C C

C
EE% 100%total free

total (1)

where Ctotal represents the total amount of BCL in liposome
and Cfree is the amount of free BCL in liposome.

2.3.2. Single Facts Experiment of BCL-LPs Preparation.
The preliminary experiment revealed that the concentration of
phospholipids, the ratio of phospholipids to cholesterol, and
the content of Tween-80 are the most important parameters
determining the encapsulation rate of BCL-LPs. The
phospholipid concentration range was chosen from 6 to 14
mg/mL, the ratio of phospholipids to cholesterol from 3:1 to
15:1 (w:w), and the concentration of Tween-80 from 5 to 25
μL/mL. Each experiment included modifying one variable
while keeping the others constant.

2.3.3. Optimization of BCL-LPs Preparative Condition by
RSM. The preliminary experiment revealed that the concen-
tration of phospholipids, the ratio of phospholipids to
cholesterol, and the content of Tween-80 had the greatest
impact on the encapsulation rate of BCL-LPs. As a result, 17
tests were carried out utilizing the Box−Behnken design
(BBD) with the three specified components at three levels
(33). Table 1 displayed the amounts and characteristics utilized
in these tests. The F-test was employed to evaluate the
statistical significance. In addition, the model’s appropriateness
was assessed by examining the coefficient of correlation (R2),
adjusted coefficient of determination (R2

adj), and predicted
coefficient of determination (R2

pred). After choosing the most
accurate model, the analysis of variance (ANOVA) was used to
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examine the statistical significance of the regression coef-
ficients.26 Using Design-Expert Software, response surface
graphs were generated. The optimum conditions were
confirmed by conducting additional experiments under the
mentioned conditions. A p-value of less than 0.05 represented
statistical significance.

2.3.4. Characterization of BCL-LPs. The particle size, PDI,
and potential of BCL-LPs were measured by using a dynamic
light scattering instrument (Zetasizer Nano ZS90). Trans-
mission electron microscopy (TEM) was also used to study the
liposome morphology. For sample preparation, a suitable
amount of a BCL-LPs solution was applied to the surface of a
carbon-sprayed copper mesh and subsequently deposited. The
sample was then colored with 2% phosphotungstic acid for 3
min. After natural drying, the morphology of BCL-LPs was
examined using high-resolution TEM.

Fourier transform infrared spectroscopy (PerkinElmer) was
used to confirm the interaction of BCL with liposomes. To
preserve the liposomal structure, the sample was combined
with a 10% mannitol solution, which served as a drying
protectant. Following that, the mixture was freeze-dried and
the resultant sample was transferred to a sample flask for
examination. FT-IR spectra were acquired using a Vertex 70
FTIR spectrometer (Germany), encompassing the range from
4000 to 500 cm−1 with a resolution of 4 cm−1 while using a
KBr pellet.
2.4. Methods for In Vitro Release and Stability

Assessment of Liposomes. 2.4.1. In Vitro Release Studies.
The dialysis technique27 was used to measure BCL-LP release
in vitro. Each sample was put in a dialysis bag with a 5 mL
capacity. The dialysis bag was then immersed in 50 mL of
ultrapure water on a magnetic stirrer set at a constant
temperature of 25 °C in darkness. At predefined intervals, 1
mL of the release medium was removed and replaced with 1
mL of ultrapure water. To ensure accuracy, the drug
concentration in the release medium was measured immedi-
ately using a UV spectrophotometer. These data made it easier
to calculate the drug release percentage at predefined intervals,
allowing for a more thorough evaluation of the BCL-LPs’
release profile.

2.4.2. Salt Stability Assessment. In the study, blank
liposomes and BCL-LPs were incubated in NaCl aqueous
solutions of varying concentrations (0−800 mM) at 25 °C to
test the ionic stability of the liposome samples for a duration of
2 h. The particle size, PDI, and zeta potential of the samples
were measured.

2.4.3. pH Stability Analysis. To conduct pH stability tests,
blank liposomes and BCL-LPs were incubated in citric acid−
Na2HPO4 buffer solutions with a pH range of 5 to 8, at 25 °C.
The pH solutions were then combined with an equal volume
of liposome systems. Incubation lasted 2 h at 25 °C. The
particle size, PDI, and zeta potential of the samples were
subsequently analyzed.

2.4.4. Thermal Stability Evaluation. The thermal stability
of BCL-LPs was assessed at 80 °C over a period of 1 h.
Samples were collected at various time intervals (0, 15, 30, 45,
60 min) and then immediately placed in an ice−water bath.
The retention rate (%) of BCL following different durations of
heat treatment was determined.

2.4.5. Storage Stability. In this study, under light-protected
conditions at 4 and 25 °C, we evaluated the stability of BCL-
LPs by measuring the average particle size, PDI, and zeta
potential at predetermined intervals. This assessment lasted for
30 days.
2.5. Analysis of the Effects of BCL-LPs on the

Transgenic Zebrafish. 2.5.1. Animals. The transgenic
zebrafish strain Tg (fabp10:rtTA2s-M2; TRE2:EGFP-krasV12)
was obtained by the Zebrafish Drug Screening Platform at the
Institute of Biotechnology, Shandong Academy of Sciences.

2.5.2. Feeding and Spawning of Zebrafish. The transgenic
zebrafish Tg strain ( fabp10:rtTA2s-M2; TRE2:EGFP-krasV12)
was reared at 28.5 °C with a daily light/dark cycle of 14 h light
and 10 h dark. All zebrafish were kept for a regular duration of
2 weeks, and those who did not ovulate during this time were
chosen. Before spawning, female and male zebrafish were kept
in a tank at a 1:1 ratio. To guarantee regulated breeding,
females and men were separated overnight using a partition.
The divider was removed the next morning, allowing the male
and female zebrafish to spontaneously mate. After around 3 h,
the eggs were gathered. These eggs were subsequently
immersed in E3 fish water, which had precise amounts of 5
mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2, and 0.33 mM
MgSO4. After 10 h of incubation, 0.003% phenylthiourea was
given to avoid black blotches in the zebrafish embryos.

2.5.3. Evaluation of In Vivo Antitumor Activity in
Zebrafish. Over the last two decades, the zebrafish model
has been useful for investigating human illnesses like as
cancer.28 We employed the transgenic zebrafish strain Tg
(fabp10:rtTA2s-M2; TRE2:EGFP-krasV12) as a model organ-
ism, finding that, in comparison to BCL, BCL-LPs
demonstrated significantly enhanced antitumor efficacy within
the zebrafish system. A transgenic strain of zebrafish Tg
(fabp10:rtTA2s-M2; TRE2:EGFP-krasV12) born at 3 dpf was
selected and added to 24-well plates for culture with 10 fish per
well and 2 mL of E3 fish water. The zebrafish were randomly
assigned into blank group (Ctl), doxycycline hydrochloride
group (Doxc), BCL-LPs group (BCL-LPs, 0.5, 1, 2, 4, 8 μg/
mL, based on the concentration of baicalein in liposomes), and
BCL group (BCL, 0.5, 1, 2, 4, 8 μg/mL). The Ctl group was
given normal E3 fish water for rearing. The Doxc group was
supplemented with doxycycline hydrochloride at a concen-
tration of 20 μg/mL. The BCL-LPs group was given varied
concentrations of BCL-LPs, whereas the BCL group got
variable concentrations of BCL. All groups were incubated for
4 days, with daily changes of fresh fish water and
pharmacological treatments. By day 8, all zebrafish had been
sedated with tricaine, placed on plates containing methyl-
cellulose, and photographed. The average fluorescence
intensity of the zebrafish liver was determined using Image-J
software.
2.6. Statistical Analysis. To guarantee the reproducibility

of our experimental findings, we independently repeated each
experiment at least three times. The data were provided as
mean values with accompanying standard deviations (±SD) to
offer a thorough understanding of observed variability within
the studies. For the studies involving response surface design,

Table 1. Levels and Code of Variables Chosen for Box−
Behnken Design

Level and range

Factors code −1 0 1

Concentration of phospholipids (mg/mL) A 8 10 12
Ratio of phospholipids to cholesterol (w:w) B 6 9 12
Concentration of tween-80 (μL/mL) C 10 15 20
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we used the trial version of Design-Expert software (ver. 8.0.6,
State-Ease Inc., Minneapolis, MN, USA). This program
permitted the use of complex statistical tests, such as Analysis
of Variance (ANOVA), allowing us to precisely analyze the
significance of the acquired data.

3. RESULTS AND DISCUSSION
3.1. Flow Rate Screening for Baicalin-Encapsulated

Liposomes. Microfluidic methods were employed to produce

liposomes (Figure 1), and Figure 2 illustrated the effects of
varying flow rate ratios (FRR) and total flow rates (TFR) on
liposome particle size and PDI. We discovered that there were
very minor variations in particle size when the TFR was
changed from 400 to 1900 μL/min, while the FRR was kept
constant. This illustrates that liposome size and distribution are
not significantly impacted by the absolute shear pressures
between parallel laminar flows. We found that reducing the
FRR while maintaining a stable TFR produced smaller

liposomes. This effect is due to greater shear stress in the
liposome formation region induced by a higher flow rate ratio
of the aqueous phase to the alcohol phase, which results in
smaller liposome diameters. Meanwhile, the PDI drops and
subsequently increases, possibly due to increased shear stress
resulting in more uniform liposome production. However, if a
certain threshold is reached, further complicated fluid
dynamics effects emerge, resulting in an enhanced PDI.
These findings are consistent with the conclusions drawn by
Andreas Jahn et al.29 According to Figure 2, we selected a TFR
of 900 μL/ml and an FRR of 3:1 (water phase: alcohol phase,
v/v) for subsequent experiments.
3.2. Single Factor Experiment. 3.2.1. Effect of

Phospholipid Concentration on BCL-LPs. Several phospholi-
pid concentrations (6, 8, 10, 12, and 14 mg/mL) were
examined using a 9:1 (w:w) phospholipid-cholesterol ratio and
a 15 μL/mL Tween-80 concentration. As shown in Figure 3
(a-b), the particle size of liposomes grew from 47.3 to 86.3 nm
when the phospholipid concentration rose from 6 to 14 mg/
mL. Encapsulation efficiency (EE) originally improved from
83.47% to 95.17%, but then declined to 81.17% as
phospholipid content increased. This can be due to increased
interaction between liposomes when phospholipid concen-
tration rises, resulting in bigger particle sizes and an initial rise
in EE.30

Based on Figure 3a,b, we decided to keep the phospholipid
content at 10 mg/mL for the next single factor studies.

3.2.2. Effect of Phospholipid to Cholesterol Ratio on BCL-
Lps. Using a phospholipid concentration of 10 mg/mL and a
Tween-80 concentration of 15 μL/mL, the phospholipid-to-
cholesterol ratio was calculated as 3:1, 6:1, 9:1, 12:1, and 15:1
(w:w).

As demonstrated in Figure 3c,d, when the phospholipid-to-
cholesterol ratio grew from 3:1 to 15:1 (w:w), liposome
encapsulation efficiency (EE) improved from 86.33% to

Figure 1. Graphic presentation of the BCL-LPs preparation process
by chip.

Figure 2. Effect of total flow rates and flow rate ratios on the liposome particle size and PDI.
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97.20% but subsequently decreased to 82.40% as the
phospholipid-to-cholesterol ratio increased further. This can
be due to cholesterol’s positive influence on the denser
arrangement of phospholipid molecules, which improves their
ordering within liposomes. Nonetheless, when the cholesterol
ratio in the phospholipid bilayer becomes very high or low, it
produces a loss in compactness and, thus, a decline in EE.31

Based on the findings reported in Figure 3c,d, we chose to
keep the phospholipid to cholesterol ratio at 9:1 (w:w) for the
remaining single-factor trials.

3.2.3. Effect of Tween-80 Concentration on BCL-LPs. With
other factors set at a phospholipid concentration of 10 mg/mL
and a phospholipid-cholesterol ratio of 9:1 (w:w), the

concentrations of tween-80 were 5, 10, 15, 20, and 25 μL/
mL, respectively. The encapsulation efficiency (EE) of
liposomes rose from 73.07% to 95.53% when the concen-
tration of Tween-80 increased from 5 to 15 μL/mL, as shown
in Figure 3e,f. However, the EE dropped to 81.47% when the
concentration was increased to 25 μL/mL. This is explained by
the intricate interplay between the generation of mixed
micelles and the surfactant-induced instability of the liposome
membrane, which lowers EE at greater Tween-80 concen-
trations.32

As presented in Figure 3ef, we fixed the concentration of
tween-80 at 15 μL/mL for the subsequent single factor
experiments.
3.3. Statistical Analysis and Model Fitting. The

concentration of phospholipids, the ratio of phospholipids to
cholesterol, and the concentration of Tween-80 were identified
as important determinants in liposome production in this study
(Table 1). The models were evaluated to exhibit changes in
the encapsulation efficiency (EE).

The impacts of three parameters, namely, phospholipid
concentration, phospholipid-to-cholesterol ratio, and Tween-
80 concentration, were combined and tested on encapsulation
efficiency (EE) at three levels. Table 2 shows the findings, and
a 17-run BBD was used to optimize the parameters. The
proposed fitted eq (Eq 2) may successfully predict the
maximum EE and optimize the formula of BCL-LPs, as
follows:

= +
+ +

Y 94.85 4.42A 0.9988B 0.9150C 2.41AB

1.06AC 1.46BC 12.18A 13.94B 7.23C2 2 2

(2)

Based on Table 3, the strength of the effects of the various
influencing factors is A > B > C. The lack of fit associated with
P-values of 0.69, demonstrated a no significance, supporting
that the model fits with the data. In addition, with a high F-
value, the proposed model effectively describes and forecasts
the experimental outcomes,33 as demonstrated by the

Figure 3. Effect of a single factor on the size, PDI, and EE of BCL-LPs. a and b: effects of phospholipids concentration; c and d: effects of
phospholipids to cholesterol ratio; e and f: effects of tween-80 concentration. n = 5 for each group.

Table 2. Design and Results of Box−Behnken Experiments
n = 5 for each group

Levels of
independent

factors Response: EE(%)

No. A B C Predicted acquired EE Practical acquired EE

1 10 9 15 94.85 95.13 ± 0.33
2 10 12 10 70.30 70.17 ± 0.05
3 10 6 20 74.13 74.26 ± 0.35
4 8 9 10 80.01 80.20 ± 0.49
5 8 6 15 71.74 71.90 ± 0.36
6 10 9 15 94.85 94.80 ± 0.08
7 12 6 15 67.71 67.77 ± 0.26
8 8 12 15 74.56 74.50 ± 0.69
9 10 9 15 94.85 95.70 ± 0.85
10 10 12 20 75.05 75.40 ± 0.43
11 10 6 10 75.22 74.87 ± 0.52
12 10 9 15 94.85 94.10 ± 0.16
13 10 9 15 94.85 94.53 ± 0.47
14 12 9 10 69.04 69.33 ± 0.49
15 8 9 20 79.72 79.43 ± 0.45
16 12 9 20 72.99 72.80 ± 0.43
17 12 12 15 60.90 60.74 ± 0.57
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correlation coefficient values of R2=0.9990, R2
adj = 0.9977, and

R2
pred = 0.9944.
The importance of the model terms was shown by their p-

values, which were less than 0.01. The regression models were

evaluated for their ability to explain response variability using
the R2 and R2

adj values. Based on this information, we may infer
that the model equation well predicts the encapsulation
efficiency (EE%) in the current investigation.
3.4. Optimization of Preparation Conditions for BCL-

LPs. The measured data were shown as 2D contour maps and
3D graphs by using the model polynomial function to assess
changes in the response surface. These graphs also allowed for
a deeper investigation of the link between the dependent and
independent variables. As shown in Figures 4, 3D response
surface and 2D contour maps were used to explain variable
interactions and identify the best amounts of each variable
under mutual impact in order to maximize response. The
encapsulation effectiveness (EE%) of BCL-LPs varied between
60.74% and 95.70% depending on the phospholipid content,

Table 3. ANOVA for Response Surface Quadratic Modela

Source Sum of Squares df Mean Square F-value p-value Prob > F

Model 2049.68 9 227.74 780.43 <0.0001 significant
A 156.56 1 156.56 536.49 <0.0001
B 7.98 1 7.98 27.35 0.0012
C 6.70 1 6.70 22.95 0.0020
AB 23.18 1 23.18 79.45 <0.0001
AC 4.49 1 4.49 15.40 0.0057
BC 8.53 1 8.53 29.22 0.0010
A2 624.62 1 624.62 2140.45 <0.0001
B2 818.76 1 818.76 2805.76 <0.0001
C2 220.23 1 220.23 754.70 <0.0001
Residual 2.04 7 0.29
Lack of Fit 0.57 3 0.19 0.5216 0.6901 not significant
Pure Error 1.47 4 0.37
Cor Total 2051.72 16

aR2=0.9990, R2adj = 0.9977, R2pred = 0.9944.

Figure 4. 3D response surface plots and 2D contour plots showing the effects of various parameters on EE.

Table 4. Predicted and Experimental Values of the
Responses at Optimum Conditions

Factors and responses
Optimum
conditions

Modified
conditions

A: Concentration of phospholipids
(mg/mL)

9.64 9.5

B: Ratio of phospholipids to cholesterol
(w:w)

8.95 9.0

C: Concentration of tween-80 (μL/mL) 15.24 15.0
Encapsulation efficiency (%) 95.28 95.32 ± 0.48
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phospholipid cholesterol ratio, Tween-80 concentration, and
interactions (Figure 4).

EE% increases as each variable (phospholipid concentration,
phospholipid-cholesterol ratio, and tween-80 concentration)
increases and subsequently starts to decrease after reaching the
maximum value. The maximum EE% was found to be in the
following ranges: at around 9.64 mg/mL for phospholipid
concentration, around 8.95:1 (w:w) for phospholipid-choles-
terol ratio, and around 15.24 μL/mL for tween-80 concen-
tration.
3.5. Validation of RSM Predictions. In Table 4, the

Design Expert 8.0.6 software was used to predict optimal
phospholipid concentrations of 9.64 mg/mL, a phospholipid-
to-cholesterol ratio of 8.95:1 (w:w), and a Tween-80
concentration of 15.24 μL/mL during the liposome prepara-
tion process based on response surface graphs and analysis of
variance. Under the parameters described above, the
theoretical maximum encapsulation effectiveness (EE%) of
BCL-LPs found to be 95.28%.

Three verification tests were conducted to ensure that the
model equation was sufficient. The best parameters for

preparing BCL-LPs in production practice are a phospholipid
concentration of 9.5 mg/mL, a phospholipid-to-cholesterol
ratio of 9:1 (w:w), and a Tween-80 concentration of 15.0 μL/
mL. Under these circumstances, the encapsulation efficiency
(EE%) of the BCL-LPs was 95.32 ± 0.48% (n ≥ 3), matching
the projected value. BCL-LPs had an average particle size of
62.320 ± 0.421 nm, PDI of 0.092 ± 0.009, and zeta potential
of −25.000 ± 0.216 mV. This result validates the model and
completely represents the predicted optimization and ensures
that the model in eq 2 was accurate and reliable.

In our experimental design, we used the encapsulation
efficiency (EE) as the key assessment parameter to examine the
influence of all components. This choice was made with the
purpose of creating a final liposome product with a high EE,
tiny particle size, and low polydispersity index (PDI). These
qualities are critical for assuring liposome stability, which is
necessary for their efficacy and dependability in possible
therapeutic applications.34

3.6. Characterization of Liposomes. 3.6.1. TEM Anal-
ysis. As shown in Figure 5a, TEM images revealed that BCL-
LPs were spherical in form with smooth surfaces and were
around 50 nm. BCL-LPs showed vesicle-like structures, which
was consistent with earlier liposomal formulation investiga-
tions.

3.6.2. FTIR Analysis. As demonstrated in Figure 5b, FT-IR
analysis was carried out on freeze-dried powders of BCL, LPs,
and BCL-LPs combined with spectroscopic grade KBr. The
wavenumber range of 500−4000 cm−1 was scanned. The
typical infrared peaks of BCL vanished in the BCL-LPs spectra,
which consisted mostly of C�O and −COOH peaks.
Furthermore, no additional peaks appeared, suggesting that
BCL was confined within the self-assembled liposomes.
3.7. In Vitro Release and Stability Assessment of

Liposomes. 3.7.1. In Vitro Release Study. As the role of
various forces between target drugs and liposomes, also the
role of the liposomal bilayer, the release rate of drugs in
liposomes could be significantly influence compared with the
free drugs, thereby achieving a beneficial sustained-release
capability.35 Figure 6 shows the in vitro release characteristics
between baicalin liposomes and monomer. BCL monomer
showed an exponential increase, and the release rate reached
92.16% at 8 h, which indicated there was no slow-release effect.

Figure 5. Characterization of the BCL-LPs. a: TEM images of BCL-LPs, b: FT-IR analysis of BCL, LPs, and BCL-LPs.

Figure 6. In vitro release simulations of BCL-LPs. n = 5 for each
group.
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However, the release rate of BC-LPs was only 55.36% at 8 h,
significantly lower than that of the BCL monomer. At the time
of 48 h, the release rate of BC-LPs was 78.36% and obviously
lower than the BCL monomer of 94.85%. The results showed
that encapsulating BCL within liposomes was not only
enhanced its solubility in aqueous environments but also
effectively controlled the release rate, thereby yielding a more
prolonged release effect.36

Wu et al. investigated the in vitro release of astaxanthin
monomer and liposomes. The results indicated that the
astaxanthin liposomes were significantly lower than astaxanthin

monomer within 10 h. The release rates of astaxanthin
liposomes and monomer were approximately 40% and 90% at
48 h, suggesting an slow-release effect of liposomes.37 Saroglu
et al. investigated the in vitro release of crocin monomer and
liposomes. The results demonstrated that the release of crocin
monomer reached 95% at 9 h, whereas crocin liposomes
exhibited slower release and reached only 48% at 27 h,
significantly superior to crocin monomer.38 The above results
were consistent with the present results, which indicated that
the prepared BC-LPs had the potential slow-release effect.

Figure 7. Effects of pH on particle size (a), PDI (b), zeta potential (c), and appearance (d). Effects of ionic strength on particle size (a), PDI (b),
zeta potential (c), and appearance (d). n = 5 for each group.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c03356
ACS Omega 2024, 9, 41289−41300

41296

https://pubs.acs.org/doi/10.1021/acsomega.4c03356?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03356?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03356?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03356?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c03356?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


3.7.2. Salt Stability. For two h, equal amounts of Blank-LPs
and BCL-LPs were combined with varying concentrations of
NaCl solution (0−800 mM) and allowed to sit at room
temperature. It was discovered that when the quantity of NaCl
increased, the average particle size of both Blank-LPs and BCL-
LPs decreased, as shown in Figure 7a. Blank-LPs’ particle size
dropped from 55.26 to 48.81 nm, whereas BCL-LPs’ particle
size dropped from 63.31 to 60.15 nm. This decrease is
explained by osmotic processes, in which ions seep into the
Nano liposomes’ lipid bilayer and partially release water from
inside.39 Concurrently, as shown in Figure 7b, an increase in
the PDI was observed for both Blank-LPs and BCL-LPs with
an increasing NaCl concentration. Specifically, the PDI for
Blank-LPs increased from 0.163 to 0.252, and for BCL-LPs, it
rose from 0.103 to 0.142. This increase in PDI is attributed to
the ions in NaCl shielding the surface charge of the liposomes,
which reduces the electrostatic repulsion between them. This
reduction in repulsion can lead to liposome aggregation or
morphological changes, resulting in a broader distribution of
particle sizes as indicated by the higher PDI values.40 As
illustrated in Figure 7c, the zeta potential of both Blank-LPs
and BCL-LPs changed with increasing NaCl concentration,
with Blank-LPs shifting from −19.51 to −0.51 mV and BCL-
LPs shifting from −27.62 to −3.18 mV. This change is
probably the result of interactions between the charged head

groups on the liposome surface and the ions in the solution.
The charge distribution is impacted by the increasing ionic
strength, which changes the values of the zeta potential.41

Compared with Blank-LPs, BCL-LPs exhibited stronger
resistance to electrostatic charge shielding. The BCL-LPs
solutions exhibited optical clarity throughout, as shown in
Figure 7d, and not a single precipitation was noticed, even at
an ionic strength of 800 mM.

Figure 8. Thermal stability of the BCL-LPs. n = 5 for each group.

Figure 9. Storage stability of BCL-LPs at 4 and 25 °C for 30 days. a, b and c with the effects on particle size, polydispersity index, and zeta
potential. n = 5 for each group.

Figure 10. Treatment of zebrafish larvae with different concentrations
of tested compounds induced an obvious fluorescence enhancement
in the zebrafish liver. Scale bar is 200 μm. A: treated with Doxc (20
μg/mL), BCL-LPs (0.5, 1, 2, 4, and 8 μg/mL), B: treated with BCL
(0.5, 1, 2, 4, and 8 μg/mL).
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3.7.3. pH Stability. The impact of different pH conditions
on liposome systems is depicted in Figure 7e,f. The findings
showed that pH variations had a major effect on the liposome
systems. Significant size changes in Blank-LPs across various
pH environments indicate instability within this pH range.
BCL-LPs, on the other hand, perform substantially well;
changes in size and appearance were minor between pH 5−8,
showing relative stability under changing pH conditions. This
stability is due to the hydrophobic contact between BCL and
the liposomes’ lipid bilayer. Such interactions provide a stable
interface that limits the mobility of the phospholipid bilayer,
boosting the overall stability of the liposomes.42 As for
appearance, as shown in Figure 7g, BCL-LP solutions maintain
optical transparency with no significant precipitation observed
in the pH range of 5−8.

3.7.4. Thermal Stability. Thermal stability studies were
performed to assess the stability of liposomes at various
temperatures, which is critical for establishing their suitability
for storage and transportation. To determine the thermal
stability of Nano liposomes, both BCL monomer and BCL-LPs
were kept at 80 °C for 60 min. As shown in Figure 8, BCL
monomer quickly escaped from the dialysis bag, leaving just
43.15% after 60 min. In contrast, the retention rate of BCL in
BCL-LPs was greater than 73%, demonstrating that liposome
encapsulation successfully preserves its stability under heat.
This result is consistent with earlier investigations.42

3.7.5. Storage Stability. Figure 9 illustrates the storage
stability of BCL-LPs at 4 and 25 °C over 30 days, measuring
their average particle size, PDI, and zeta potential. As depicted
in Figure 9a, at 4 °C, all samples exhibited a slight increase in
size during storage, from 63.32 ± 0.421 nm to 68.82 ± 1.495
nm, whereas at 25 °C, BCL-LPs showed larger fluctuations,
increasing to 85.75 ± 1.458 nm. Nanoliposomes are
comparatively more stable at lower temperatures (4 °C) due
to decreased membrane fluidity, whereas elevated temperatures
may induce the breakage of ester bonds in phosphatidylcho-
line, leading to liposome aggregation. As demonstrated in
Figure 9b, at 25 °C, the PDI of the samples increased
significantly during storage compared to that at 4 °C, but
remained below 0.2, indicating good dispersion of BCL-LPs at
both temperatures. However, the PDI value at 25 °C is higher
compared to 4 °C, further confirming the advantage of storing

at 4 °C over 25 °C. In Figure 9c, it can be observed that
compared to the condition at 25 °C, the absolute value change
of BCL-LPs at 4 °C is minor, decreasing by only 3.84 mV. At
the end of the 30-day storage period, the absolute value of zeta
potential of BCL-LPs stored at 4 °C remains above 20 mV,
indicating higher stability with a high surface charge, attributed
to the electrostatic repulsion effect, maintaining their
dispersion state.
3.8. Antitumor Activity of BCL-Lps in Zebrafish. As

shown in Figure 10A, the blank group of transgenic line
zebrafish Tg (fabp10:rtTA2s-M2; TRE2:EGFP-krasV12) ex-
hibited no green fluorescence in vivo. The Doxc group
expressed proto-oncogene krasv12 rapidly in the liver region
under the stimulation of doxycycline hydrochloride and
produced a strong green fluorescence. After supplementing
different concentrations of BCL-LPs, the fluorescence in the
liver region of zebrafish was significantly decreased, indicating
that the expression of the proto-oncogene krasv12 was reduced,
and the fluorescence intensity in the liver region gradually
lowered with the gradual increase of BCL concentration in the
liposomes (Figure 10A). When the concentration of BCL in
liposomes reached 4 μg/mL, there was only a faint green
fluorescence in the liver region. When the concentration
reached 8 μg/mL, the fluorescence in the liver region
disappeared. Compared to BCL-LPs, BCL inhibited the
expression of the proto-oncogene krasv12 with average
efficiency. BCL concentrations of 4 and 8 μg/mL resulted in
modest green fluorescence in the liver area of zebrafish (Figure
10B), with a greater intensity compared to that of zebrafish
treated with the same quantity of BCL-LPs (Figure 11).

4. CONCLUSION
In summary, a microfluidic technique was used in this work to
quickly and effectively manufacture liposomes with high
encapsulation efficiency. Optimal preparation conditions for
BCL-LPs were identified by first screening the optimal FRR
and TFR, then using RSM. These conditions included a
phospholipid concentration of 9.5 mg/mL, a phospholipid to
cholesterol ratio of 9:1 (w:w), and a Tween-80 concentration
of 15 μL/mL. BCL-LPs demonstrated the following character-
istics: a zeta potential of −25.000 ± 0.216 mV, an EE of 95.323
± 0.481%, an average particle size of 62.320 ± 0.421 nm, and a
PDI of 0.092 ± 0.009. Liposomes are characterized as tiny
vesicles with a low PDI, highlighting their quality and
consistency. The experimental results demonstrate BCL-LPs’
outstanding sustained-release characteristics and stability.
Furthermore, both BCL and BCL-LPs have excellent
antitumor properties. However, BCL-loaded liposomes sig-
nificantly inhibited the expression of the oncogene krasv12 in
zebrafish, indicating a more potent antitumor action than BCL
alone. These findings shed light on the circumstances and
procedures used to prepare BCL-LPs, opening up possibilities
for future study and development of cancer treatments. The
established method could also be used in other natural
products’ liposomes with microfluidic technology. In the
further study, the in vivo evaluation and toxicology studies of
the prepared BCL-LPs would be researched.
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Figure 11. Fluorescence intensity in zebrafish liver after incubation
with tested compounds and Doxc. Groups: Control (Ctl), BCL-LPs,
BCL, Doxycycline Hyclate (Doxc). The data were analyzed by one-
way ANOVA followed by Dunett’s test using Graph Pad Prism 7.0
(GraphPad Software; CA, USA). n = 5 for each group. The results
were expressed as mean ± SEM, *p < 0.05, **p < 0.01 VS Ctl.
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