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Abstract: The purpose of this study was to prepare, optimize, and characterize a cationic lipid 

nanoparticle (CLN) system containing multicomponent drugs using a molecular dynamics model 

as a novel method of evaluating formulations. Puerarin (PUE) and scutellarin (SCU) were used 

as model drugs. CLNs were successfully prepared using melt-emulsion ultrasonication and low 

temperature-solidification technique. The properties of CLNs such as morphology, particle size, 

zeta potential, entrapment efficiency (EE), drug loading (DL), and drug release behavior were 

investigated. The CLNs were evaluated by corneal permeation, preocular retention time, and 

pharmacokinetics in the aqueous humor. Additionally, a molecular dynamics model was used 

to evaluate the formulation. Electron microscopy results showed that the nanoparticles were 

approximately spherical in shape. The EE (%) and DL (%) values of PUE and SCU in the optimal 

formulation were 56.60±3.73, 72.31±1.96 and 1.68±0.17, 2.44±1.14, respectively. The pharma-

cokinetic study in the aqueous humor showed that compared with the PUE and SCU solution, 

the area under the concentration–time curve (AUC) value of PUE was enhanced by 2.33-fold 

for PUE-SCU CLNs (p,0.01), and the SCU AUC was enhanced by 2.32-fold (p,0.01). In the 

molecular dynamics model, PUE and SCU passed through the POPC bilayer, with an obvious 

difference in the free energy well depth. It was found that the maximum free energy required 

for PUE and SCU transmembrane movement was ~15 and 88 kJ⋅mol-1, respectively. These 

findings indicated that compared with SCU, PUE easily passed through the membrane. The 

diffusion coefficient for PUE and SCU were 4.1×10-3±0.0027 and 1.0×10-3±0.0006 e-5cm2⋅s-1, 

respectively. Data from the molecular dynamics model were consistent with the experimental 

data. All data indicated that CLNs have a great potential for ocular administration and can be 

used as an ocular delivery system for multicomponent drugs. Moreover, the molecular dynamics 

model can also be used as a novel method for evaluating formulations.

Keywords: cationic lipid nanoparticle, molecular dynamics model, microdialysis, pharmacoki-

netic, preocular retention time, ocular delivery

Plain language summary
The purpose of this study was to prepare, optimize, and characterize a cationic lipid nanoparticle 

(CLN) system containing multicomponent drugs using a molecular dynamics model as a novel 

method of evaluating formulations. The properties of these CLNs such as morphology, particle size, 

zeta potential, entrapment efficiency, drug loading, and drug release behavior were investigated. 
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The CLNs were evaluated by corneal permeation, preocular reten-

tion time, and pharmacokinetics in the aqueous humor. They have 

great potential for ocular administration and can be used as an 

ocular delivery system for multicomponent drugs. Moreover, the 

molecular dynamics model can also be used as a novel method for 

evaluating formulations.

Introduction
Nanoparticulate carrier systems (eg, lipid nanoparticles, 

liposomes, and microemulsions) have recently been under 

consideration for topical ophthalmic drug delivery as they 

have the potential to modulate drug release by facilitating 

drug transport to different compartments of the eye.1,2 These 

nanoparticles are characterized by a solid lipid core which is 

stabilized by surfactants in aqueous dispersion, are able to 

load lipophilic and hydrophilic drug molecules, and combine 

the advantages of other colloidal carriers, such as polymeric 

nanoparticles, fat emulsions, liposomes, or niosomes,3,4 

avoiding their disadvantages. Ocular diseases are usually 

treated by topical application of drug solutions, such as eye 

drops. These conventional dosage forms account for nearly 

90% of the currently available marketed formulations due 

to their simplicity, safety, and acceptance by patients.5 

However, the physiological constraints imposed by the pro-

tective mechanisms of the eye and the limited permeability of 

the cornea lead to low absorption of ocular drugs and result 

in a short therapeutic effect.6 In addition, drugs exit the tear 

volume as tear fluid, which is continuously drained from 

the eyes to the nose during blinking, resulting in reduced 

bioavailability.7 Furthermore, most of the administered dose 

passes through the nasolacrimal duct into the gastrointestinal 

tract, which may cause side effects.8

Lipid nanoparticles have been reported to possess a 

number of positive effects as controlled nanodelivery 

systems.9 They are submicron colloidal carriers composed 

of biodegradable and biocompatible lipids that are generally 

recognized as safe.10,11 Lipid nanoparticles have the ability 

to penetrate cell membranes, allowing increased cellular 

uptake of the loaded compounds.12,13 The system used in the 

present study overcomes the disadvantages of the traditional 

lipid nanoparticle system, and can simultaneously contain 

multicomponent drugs and improve the drug entrapment 

efficiency (EE). Furthermore, octadecyl quaternized car-

boxymethyl chitosan (QACMC), a cationic material with 

good biocompatibility, biodegradability and nontoxic, plays 

an important role in prolonging drug efficacy, decreasing 

drug side effects, increasing drug absorption, and improving 

bioavailability.14–17

Some recent studies have focused on the in vivo fate 

of nanoparticles using various biosensing tools, such as 

fluorescent imaging, computed tomography, and magnetic 

resonance imaging.18 In this study, we used a noninvasive 

fluorescence imaging system and microdialysis techniques 

to analyze the in vivo fate of puerarin (PUE)-scutellarin 

(SCU) cationic lipid nanoparticles (CLNs).

PUE and SCU are used clinically to treat glaucoma 

and retinopathy.19,20 PUE is one of the important active 

components of Puerarin lobata (wild). It has the advantage 

of low toxicity and is quickly metabolized. However, its 

method of extraction and low solubility in lipid solvent 

or water due to its structure result in a poor bio-utilization 

ratio which restricts the bioactivity and clinic application 

of PUE.19,21 SCU is the main active compound in brevis-

capine. Breviscapine is a flavonoid extracted from Erigeron 

(Erigeron breviscapus (vant.)Hand.-Mazz). However, the 

solubility of breviscapine is poor in various solvents; it also 

has low oral bioavailability and a short half-life.20,22 PUE 

can reduce intraocular pressure, while SCU can protect the 

optic nerve and help to improve the optic nerve microcircu-

lation. The concurrent application of these two drugs could 

be a focus in the treatment of both symptoms and the cause 

of ocular diseases.

Thus, it is necessary to develop a new PUE-SCU CLN 

system that not only increases the aqueous solubility of 

PUE and SCU, but also overcomes the shortcomings of 

conventional dosage forms. PUE-SCU CLNs were therefore 

characterized with respect to particle size (PS), zeta potential 

(ZP), EE, drug loading (DL), and particle morphology. 

In vitro drug release studies were performed using the dialysis 

bag method, and corneal permeation was also evaluated using 

excised rabbit corneas. Preocular retention capacity studies 

were conducted using a noninvasive fluorescence imaging 

system. A pharmacokinetic study in the aqueous humor was 

performed using a microdialysis technique. In addition, a 

molecular dynamics model of the drug was established in 

order to further evaluate the dosage form. To our knowledge, 

this is the first method which enhances ocular bioavailability 

following topical application of the CLN system containing 

multicomponent drugs.

Materials and methods
Materials
PUE and SCU were purchased from Zelang Medical Tech-

nology Co, Ltd (98% purity; Nanjing, Jiangsu, China). 

GMO (1-oleoyl-rac-glycerol) was purchased from Adamas 

Reagent Co, Ltd (Shanghai, China). F127 was provided 
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by Fengli Jingqiu Commerce and Trade Co, Ltd (Beijing, 

China). Gelucire®44/14 was a gift from Gattefosse SA (Saint-

Priest, France). QACMC was supplied by Nantong Lvshen 

Biological Engineering Co, Ltd (Jiangsu, China). Lecithin 

was purchased from Solarbio Science & Technology Co, Ltd 

(99% purity; Beijing, China). Cholesterol was provided by 

Lanji Biological Company Co, Ltd (98% purity; Shanghai, 

China). Tween®80 was provided by the Tianjin Chemical 

Reagent Company (Tianjin, China). All other chemicals and 

reagents were of analytical grade.

Preparation of PUE-SCU-loaded CLNs
GMO and SCU were dissolved in ethanol, and subsequently 

heated and stirred to form the first oil phase. Distilled water 

was the first aqueous phase. Thereafter, the first oil phase 

was dropped into the first aqueous phase and allowed to 

emulsify for 2 hours at 60°C using a magnetic heating 

stirrer to form the first emulsion. In addition, lecithin and 

cholesterol were dissolved in methanol and ethanol, at a 

ratio of 3:1 (w/w), followed by the addition of Tween®80 to 

form the second oil phase. PUE, F127, QACMC, and 0.08% 

(w/v) Gelucire®44/14 were dissolved in phosphate-buffered 

saline (PBS) to form the second aqueous phase. The second 

oil phase was dropped into the second aqueous phase and 

allowed to emulsify for 2 hours at 60°C using a magnetic 

heating stirrer to form the second emulsion. Then, the first 

emulsion was again dropped into the second emulsion, 

stirred for 5 minutes, and then cooled to room temperature. 

A further size reduction was achieved following 10-minute 

(using a 5 seconds on and 5 seconds off cycle) treatment in 

an ultrasonic cell pulverizer (JYD-250L; Zhixin Instruments, 

Shanghai, China) at 400 W to obtain a nanoemulsion.

Characteristics of PUE-SCU-loaded CLNs
Drug analysis
Drug EE and DL were determined by ultrafiltration using 

centrifuge tubes fitted with an ultrafilter (Amicon Ultra, 

molecular weight cutoff 30 kDa; EMD Millipore, Billerica, 

MA, USA). Each formulation (1,000 μL) was placed in a 

volumetric flask and then sonicated for 30 minutes (total 

drug). Approximately 500 μL of each formulation was then 

placed in the upper chamber and centrifuged at 8,000 rpm 

for 10  minutes (free drug). Quantitative determination of 

free drug and total drug was performed using a Waters 

e2695 high-performance liquid chromatography (HPLC) 

system (Waters Corporation, Milford, MA, USA). The 

detector was set at 335 nm. PUE and SCU were separated 

using a DikmaC18 column (5 μm, 4.6×250 mm), the column 

temperature was set at 30°C, and gradient elution was 

performed under the set conditions. The mobile phase con-

sisted of methanol and 0.2% acetic acid. The flow rate of the 

mobile phase was 1.0 mL⋅min-1. EE and DL were calculated 

according to Equations 1 and 2:

	
EE %

total
=

−
×

W

W

Wfree

total
100

�
(1)

	
DL %

(  

( ) 
100

total free

total free lipid
=

−
− +

×
W W V

W W V W

)

�
(2)

where W
total

, W
free

, and W
lipid

 represent the total amount of drug 

in the nanoparticles, the amount of drug in the filtrate, and 

the amount of lipid in the formulation, respectively.

PS and ZP analysis
The PS, polydispersity index (PI), and ZP were determined 

using a Zetasizer (Nano-ZS; Malvern Instruments Ltd, 

Malvern, UK) after appropriate dilution with purified water 

at 25°C.

Morphological study
The formulation was examined using a transmission electron 

microscope (TEM; HT7700; Hitachi Ltd, Tokyo, Japan). 

After diluting the sample 100-fold with purified water, one 

drop of the sample suspension was deposited onto a 300-

mesh coated carbon-copper grid, and the sample was allowed 

to settle for 3–5 minutes. Excess fluid was removed using 

absorbent paper.

Central composite factorial design (CCD)
During the preliminary study, the influence of each param-

eter on the physicochemical properties of PUE-SCU CLNs 

was assessed. To determine the optimal conditions for the 

technical procedure, 30 experimental runs were performed 

according to central composite design principles using 

Design-Expert 8.06 (Stat-Ease, Inc, Minneapolis, MN, USA) 

as described in Table 1. A four-factor, five-level central 

composite design was generated for optimization of the 

Table 1 Independent variables and levels of experiment design

Independent variables Levels

-2 -1 0 1 2

X1: amount of PUE (mg) 2 3.5 4 6.5 8
X2: amount of SCU (mg) 3 5.25 6 9.75 12
X3: lecithin/cholesterol (%) 1 3 5 7 9
X4: Tween®80 (mL) 0.1 0.575 2 1.525 2

Abbreviations: PUE, puerarin; SCU, scutellarin.
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PUE-SCU-loaded CLNs preparation. The study design 

involved investigating the effects of four independent vari-

ables: the amount of PUE (X
1
), SCU (X

2
), lecithin/cholesterol 

ratio (X
3
), and the amount of Tween®80 (X

4
). The dependent 

variables were EE (Y
1
) and DL (Y

2
) of PUE-SCU CLNs. 

The sign and value of the quantitative effect represented 

the tendency and magnitude of the responses, respectively. 

EE and DL were inputs for the construction of the respective 

response surface model (RSM).

In vitro drug release evaluation
In vitro drug release was evaluated using the dynamic dialysis 

bag method.23 Briefly, 2 mL each of PUE-SCU solution and 

the PUE-SCU CLNs formulation were separately loaded 

into dialysis bags. The dialysis bags were then immersed 

in 60 mL of freshly prepared PBS (pH 6.8) maintained at a 

thermostatically controlled temperature of 34°C±0.5°C. The 

magnetic stirring speed was 200 rpm. The samples withdrawn 

were replaced with similar dissolution media. The percent 

drug release after 0.5, 1, 2, 4, 6, 8, 10, and 12 hours was 

determined by HPLC using Equation 3. 

	

f 50 log

n

2 10

t t1

=
=

1
100

1
1 2

+

+
−























∑ W ( )R T
i t

�

(3)

In vitro corneal permeation evaluation
Corneal permeation studies were performed using excised 

rabbit corneas.24 Rabbits were overdosed with an injection 

of air into the marginal ear vein. Corneas were immediately 

excised and preserved in glutathione bicarbonate Ringer’s 

solution. Each sample (500 μL) was added to the donor 

chamber, and 4.5 mL of fresh PBS (pH 6.8) was added to 

the receptor chamber. Samples from the receptor chamber 

were withdrawn at predetermined time intervals and replaced 

with an equal volume of fresh PBS (pH 6.8) for 6 hours 

(40, 80, 120, 160, 200, 240 minutes). All analyses were 

conducted as described in the drug concentration evaluation. 

The experiments were performed in triplicate. The apparent 

corneal permeability coefficient (P
app

) was calculated using 

the following equation:25

	

P
Q

t C A
app

60
=

∆
∆ ⋅ ⋅⋅

0 �
(4)

where ∆
∆
Q

t
 is the slope of the linear portion of the cumula-

tive permeated amount versus time plot, C
0
 is the initial drug 

concentration in the donor cell, A is the exposed corneal 

surface area (0.5 cm2), and 60 is the conversion of minutes 

to seconds.

Preocular retention time evaluation
The preocular retention of PUE-SCU CLNs was assessed 

using a noninvasive fluorescence imaging system (Night 

OWL II LB985; Berthold Technologies, Bad Wildbad, 

Germany). The CLN formulation was labeled as follows: 

PUE and SCU were replaced with rhodamine B (RhB) in 

the oil phase and then processed using the same method as 

for the CLN preparation. The albino rabbits were examined 

under conscious condition. Immediately before imaging, the 

animals were anesthetized with chloral hydrate (injection 

2.5 mL⋅kg-1) via the ear vein. Precisely 20 μL of the for-

mulation was injected directly into the conjunctival sac of 

the right eye, and the left eye was used as a control (RhB 

solution). The eyes were manually closed for 10 seconds to 

allow distribution over the cornea. Imaging was performed 

at 0, 15, 30, 60, 90, 120, and 150 minutes. The region of 

interest (ROI) for residual fluorescence was around the ocular 

and non-ocular areas.26,27 The remaining intensity (R) was 

calculated according to Equation 5:

	
R

A B

C
=

−
× 100%

�
(5)

where A is the intensity of the ROI, B is the background 

fluorescence intensity, and C is the intensity of the ROI at 

0 minutes.26

In vivo study
Animals
New Zealand white rabbits weighing 2.5–3.0 kg were pur-

chased from Tianjin Yuda Experimental Animal Culture Co, 

Ltd, Tianjin, China. The animals were housed at 25°C±1°C and 

50%±5% relative humidity with ad libitum access to food and 

water. All animal experiments were reviewed and approved by 

the Animal Ethical Committee at Tianjin University of Tradi-

tional Chinese Medicine, and followed the animal care guide-

lines of the Laboratory Animal Management Committee.

Pharmacokinetic study of the aqueous 
humor
A pharmacokinetic study using the aqueous humor was 

performed by microdialysis.28 Different formulations were 

used to study the concentration of the drug in aqueous humor 

(formulation 1 was lipid nanoparticles, formulation 2 was 

lipid nanoparticles with QACMC as a cationic material, 
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and formulation 3 was lipid nanoparticles with QACMC 

and Gelucire®44/14 as a cationic material and penetration 

enhancer, respectively). Briefly, three rabbits were anesthe-

tized via an injection of 2.5 mL⋅kg-1 of chloral hydrate into 

the marginal ear vein. A microdialysis probe (MD 2000; 

Bioanalytical Systems, Inc, West Lafayette, IN, USA) was 

implanted into the anterior chamber of the eye using a 10G 

needle. The needle was removed, leaving the probe with 

the microdialysis membrane in the middle of the anterior 

chamber. Thereafter, the probe was perfused with PBS 

(pH 6.8) at a flow rate of 3 μL⋅min-1 using a microdialysis 

pump (CMA106; CMA Microdialysis Co, Ltd, Stockholm, 

Sweden). The corneal wound surface was treated with 0.3% 

(w/v) ofloxacin ophthalmic drops and was stable for 24 hours 

before the formulations were administered.29 The dialysate 

was collected 20 minutes after 60 minutes of perfusion. 

In vivo recovery (R) was calculated using Equation 6:

	
R 

C C

C C
%

d p
=

−
−m p

× 100
�

(6)

where C
d
, C

p
, and C

m
 are the concentrations of the drug in the 

dialysate, perfusate, and aqueous humor, respectively. R is 

the value of the slope for the plot of (C
d
 - C

p
) versus C

p
.

Therefore, 0.2 mL of each formulation (1.0 mg⋅mL-1) was 

injected into different groups of rabbit eyes. Dialysates were 

collected every 20 minutes for the first 2 hours and then every 

30 minutes after instillation. Each experiment was repeated 

three times, and all samples were analyzed using HPLC.

The molecular dynamics model
System building
As for the united-atom model, the model of Tieleman et al30 

including 128 POPC molecules and 2,460 water molecules 

was used as the initial structure (http://moose.bio.ucalgary.

ca/index.php?page=Structures_and_Topologies). The system 

was elongated 0.7 nm at the two ends of the z-axis. Thus, 

the whole system had 128 POPC molecules and 4,398 water 

molecules. The obtained system was equilibrated for 500 ps. 

PUE and SCU were optimized using a Gaussian program with 

the B3LYP/6-311+G (d, p) method. The charge of each atom 

model was derived using the restrained electrostatic potential 

method at the B3LYP/6-311+G (d, p) level. The force field 

parameters were generated by the PRODRG31 server.

Computation of the potential of mean force (PMF)
The PMF method32,33 was used to calculate the free energy 

profile of PUE and SCU passing across the POPC bilayer. 

The calculations were performed using GROMACS 4.5.4. 

This lipid bimolecular system contains 128 POPC molecules 

and 6,888 water molecules. The force field parameters of the 

POPC were obtained from the literature.33 PUE and SCU 

were first placed in the center of the bilayer, and they were 

pulled into bulk water along the z-axis using the umbrella 

sampling method. They were constrained at different z loca-

tions with a restraint of z distance between the center of mass 

of PUE, SCU, and the POPC bilayer. The harmonic restraint 

and pulling rate were set at 1,000 kJ⋅mol-1 nm-2 and 0.01 

nm⋅ps-1, respectively. The molecular dynamics simulation 

was applied for 10 ns. The force field used was the GRO-

MOS96 53a6 force field. In addition, the free energy change 

curve of the drug permeation process was obtained by the 

weighted histogram analysis method.34,35 Free energy was 

calculated using Equation 7:

	
∆G z( ) ( , )= − ∫  F z t dz

z

z

time
=∞ �

(7)

Molecular dynamics simulation
Eight drug molecules were placed in the water on both sides 

of the POPC bilayer membrane and the water molecules 

near the drug molecules were removed. The energy was first 

minimized; then, 100 ps of NVT (volume:constant number) 

and NPT(constant temperature and constant pressure) were 

equilibrated for a 100-ns molecular dynamics simulation. 

The diffusion constant was calculated by least squares fit-

ting a straight line through the mean square displacement 

from –beginfit to –endfit.

Statistical analysis
The optimization design of PUE-SCU CLNs and the result-

ing data were analyzed by Design-Expert software (8.06 

version).The results are presented as mean ± standard 

deviation. Statistical analysis of the results was performed 

using two-way analysis of variance (ANOVA) and one-way 

ANOVA using SPSS software (17.0 version; SPSS Inc, 

Chicago, IL, USA). Statistical significance was established 

at p,0.05.

Results and discussion
Central CCD
After pre-dose optimization and selection of excipients, the 

amount of PUE, SCU, Tween®80, and the ratio of lecithin and 

cholesterol had a significant effect on EE and DL. Through 

the range of the single factor test combined with the results 

of effect surface, EE, and DL as the evaluation index, the 

optimal PUE-SCU CLNs formulation was obtained.
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A quadratic polynomial equation was used to represent 

the response with regard to the independent variables, as 

shown in Equation 8:

Y A A X A X A X A X A X X

A X X A X X A X X A X X
0 1 1 2 2 3 3 4 4 5 1 2

1 3 7 1 4 8 2 3 9 2

= + + +

+ + + +

+ +

6 44

10 3 4 11 12 12 22 13 32 14 42
A X X A X A X A X A X+ + + + +

�
(8)

where Y is the dependent variable, X
1
–X

4
 are the independent 

variables, and A
1
–A

14
 are the regression coefficients of the 

respective variables.

It was demonstrated that the best-fit model for the 

responses was the quadratic model, which had the maximum 

r-value. ANOVA was performed to evaluate the significance 

of the quadratic model terms on the response and quantita-

tive effects, as shown in Table 2. The respective p-values 

shown in Table 2 indicated that the effect of the lecithin/

cholesterol ratio (X
3
) and the amount of Tween®80 (X

4
) had 

significant effects (p,0.05) on the response. However, the 

amount of PUE (X
1
) and SCU (X

2
) were not significant for 

the EE and DL.

The response surface was optimized for multivariate 

analysis and plotted in a three-dimensional model graph. 

The three-dimensional response surface plots for EE and 

DL are shown in Figure 1. Results from preliminary studies 

showed that the optimal parameters for the PUE-SCU 

CLNs formulation were 9.75 mg SCU, 6.5 mg PUE, 80 mg 

GMO, 1.5 mL Tween®80, 0.08% (w/v) Gelucire®44/14, 30 

mg QACMC, and a ratio of lecithin to cholesterol of 3:1 

(w/w). The EE and DL values of the optimal formulation 

were 56.60±3.73, 72.31±1.96 and 1.68±0.17, 2.44±1.14, 

respectively. These findings indicate that most of the drugs 

were encapsulated in the liquid nanoparticles and that this 

formulation was considered to be the most suitable for-

mulation for ophthalmic applications and used for further 

characterization.

Central CCD is an experimental design method and 

widely used to establish a second-order RSM in process 

optimization studies.36 CCD is an effective alternative to full 

factorial design and enables the gathering of more data with 

a lower number of experiments.37

PS, ZP, and morphology of PUE-SCU CLNs
Appropriate PS and a narrow size range in the ophthalmic 

formulation can ensure low irritation, sufficient bioavail-

ability, and good compatibility in ocular tissues.38 There-

fore, the PS of the ophthalmic formulation has a significant 

effect on ophthalmic preparations. The mean diameter 

of the PUE-SCU CLNs was 181.0 nm with a PI of 0.224 

(Figure 2A). The PS distribution is advantageous for uptake 

of PUE-SCU CLNs through the cornea. Ultrasonic shredding 

can change PS, but strong mechanical treatment may affect 

DL. The optimal formulation had a positive surface charge 

of 23.8 mV (Figure 2B). Furthermore, the use of F127 as a 

stabilizer also has a desirable effect by increasing PUE-SCU 

CLNs stability.39 The results of TEM showed that the sample 

consisted of spherical particles with a smooth surface, as 

shown in Figure 2C.

In vitro release of PUE-SCU CLNs
In vitro drug release of PUE and SCU from PUE-SCU 

CLNs formulations was evaluated (Figure 3). In this study, 

PBS (pH 6.8) was selected to enhance the solubility of PUE 

and SCU. It can be seen in Figure 3 that the diffusion of 

PUE from PUE-SCU CLNs was very rapid; ~52.35% of 

PUE was released in 1 hour, during which PUE exhibited 

an initial burst release. After the initial burst release, which 

lasted for  ~3 hours, the release rate of PUE from CLNs 

slowed and was close to Higuchi release (r=0.9840). After 

12 hours, ~95.48% of PUE had been released from the CLNs. 

However, with regard to SCU, 23.34% of the drug was 

released in 1 hour. After 12 hours, ~92.92% of SCU had been 

released from the CLNs. The release of SCU from the CLNs 

was also close to Higuchi release (r=0.9720). Synchronized 

Table 2 Analysis of variance of the regression coefficients of the 
quadratic equations

Parameters Regression coefficients

EE1 (%) DL1 (%) EE2 (%) DL2 (%)

A0 40.02 1.04 53.91 1.72
A1 1.35 0.17 -0.23 -0.24

A2 0.076 -6.667E–0.03 -2.55 0.34

A3 -1.95 -0.062 1.46 -0.028

A4 9.10 0.22 11.61 0.42
A5 2.07 0.041 2.60 -0.016

A6 0.92 8.750E–0.03 1.34 0.12
A7 1.26 0.033 0.84 -0.060

A8 -2.53 -0.092 -3.46 -0.22

A9 1.97 0.12 2.44 0.28
A10 -0.87 -0.11 -1.68 -0.072

A11 1.53 0.043 1.52 0.10
A12 1.19 0.021 0.47 9.167E–0.03
A13 -2.15 -0.095 1.65 -0.13

A14 -2.34 -0.061 -2.30 -0.053

R 85.98 88.38 94.09 92.22
p-value 0.0204 0.0072 0.0001 0.0006

Note: A0–A14: coefficient of independent variables.
Abbreviations: EE1, EE2, encapsulation efficiencies of puerarin and scutellarin; DL1,  
DL2, drug loading of puerarin and scutellarin.
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release was achieved with high similarity factor f
2
 values 

between each two of the five components.40 The US Food and 

Drug Administration demonstrated a simultaneous release 

similarity factor .50.41 However, the similarity factor of 

PUE and SCU was 42.08. Therefore, the PUE-SCU CLNs 

demonstrated asynchronous release.

The reason was that PUE has better water solubility than 

that of SCU, while SCU was a liposoluble component. This 

asynchronous release showed that PUE released first, and 

played a role in reducing intraocular pressure. SCU released 

slowly, possessing optic nerve protection and microcircula-

tion improvement effect. The concurrent application of these 

two drugs could be a focus in the treatment of both symp-

toms and the cause of ocular diseases. These results were in 

accordance with our experimental design. Additionally, the 

release rate of water-soluble drugs is higher than that of 

lipid-soluble drugs.42 This may be due to PUE with added 

nonionic surfactant, which can promote penetration, resulting 

in asynchronous release.

In vitro corneal penetration evaluation
In the corneal penetration study, the penetration of PUE 

and SCU through the cornea was examined when PUE and 

SCU solution or the same concentration of formulation was 

administered. CLNs can increase PUE and SCU penetration 

across the cornea. The P
app

 values of the PUE solution and 

PUE-SCU CLNs were 7.11×10-5 and 14.30×10-5 cm⋅s-1, and 

the P
app

 values of the SCU solution and PUE-SCU CLNs 

were 4.65×10-6 and 5.72×10-6 cm⋅s-1, respectively. Compared 

with the PUE and SCU solutions, PUE-SCU CLNs exhibited 







Figure 1 Three-dimensional response surface plots for EE and DL.
Notes: (A) Response surface plot showing the effect of the amount of PUE (X1) and Tween®80 (X4) on the EE and DL of PUE (EE1, DL1). (B) Response surface plot showing 
the effect of the amount of SCU (X2), Tween®80 (X4), and SCU (X2), lecithin/cholesterol (X3) on the EE of SCU (EE2).
Abbreviations: PUE, puerarin; SCU, scutellarin; EE, entrapment efficiency; DL, drug loading.
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a 2.01-fold and 1.23-fold increase in P
app

, suggesting that 

more PUE-SCU CLNs were taken up by the rabbit cornea 

compared with the PUE and SCU solutions. As the residence 

volume of the intraocular area is generally 7–10 mL, most 

topically administered solutions are washed away within 

15–30 seconds of application.43

One potential mechanism for enhancing corneal per-

meation was cationic material modification of lipid-based 

nanoparticles, which has been found to improve spreading 

properties, reduce contact angles, and increase residence 

time on the ocular surface, possibly interacting with the lipid 

layer of the tear film, so that the carrier can be retained in 

the conjunctival sac for a long period, where it acts as a drug 

depot.5,44 Another potential mechanism was that the liquid 

nanoparticles possess a bioadhesive property due to extremely 

small PS and increased surface area, which could promote 

permeation of the drug. Moreover, Gelucire®44/14 has been 

reported to be an effective corneal permeation enhancer.45 

Thus, the combined effects of CLNs and Gelucire®44/14 may 

have significantly improved corneal penetration.

Preocular retention of CLNs
As shown in Figure 4A, rapid clearance was observed in the 

RhB solution group after administration. At 1.5 hours, only 

50.22% fluorescence intensity remained in the ROI, which 

was significantly lower than that of RhB-CLNs which was 

72.02%. After 1.5 hours, statistical analysis showed that 

34.63% and 60.52% intensity remained in the RhB solution 

and RhB-CLNs group, respectively. Up to 2.5 hours, rela-

tively strong fluorescence intensity was still observed in the 

ROI in the RhB-CLNs group, as shown in Figure 4B. This 

indicated that the CLN formulation exhibited a relatively 

strong intensity and slow clearance from the ROI. The 

CLN preparation had greater viscosity, which increased the 

retention time on the cornea. In addition, the preparation 

was modified with the cationic material QACMC to form 

a positively charged carrier to further increase the retention 

time. The viscosity of the aqueous phase was increased thus 

hindering rapid dispersion from the corneal surface, and the 

electrostatic interaction between the cationic nanocarrier 

and the anionic surface of the cornea can reduce the contact 

angle and improve the drug residence.46,47

Pharmacokinetic study in the aqueous 
humor
In vivo probe recovery was determined before the pharmacoki-

netic study to ensure that the implanted probes functioned well. 

Figure 2 (A) Particle size distribution, (B) zeta potential distribution, and (C) 
transmission electron micrograph.

Figure 3 In vitro release profiles of PUE and SCU from PUE-SCU CLN formulations 
(n=3).
Abbreviations: PUE, puerarin; SCU, scutellarin; CLN, cationic lipid nanoparticle.
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The probe recovery of PUE and SCU in PUE-SCU CLNs was 

56.02%±3.93% (n=3) and 57.22%±4.7% (n=3), respectively. 

Aqueous humor pharmacokinetics parameters are summa-

rized in Tables 3 and 4. As shown in Figure 5A, compared 

with the PUE solution, the area under the concentration–time 

curve (AUC) value was enhanced by 2.33-fold for PUE-SCU 

CLNs (p,0.01), and concentration at the peak (C
max

) value of 

PUE-SCU CLNs was enhanced by 1.69-fold (p,0.05). The 

half-life time (t
1/2

) of PUE-SCU CLNs was longer than that 

of the PUE solution. As shown in Figure 5B, compared with 

the SCU solution, the AUC value was enhanced by 2.32-fold 

for PUE-SCU CLNs (p,0.01), and C
max

 value of PUE-SCU 

CLNs was enhanced by 1.12-fold (p,0.05). The half-life 

time (t
1/2

) of PUE-SCU CLNs was longer than that of the PUE 

solution. There were significant differences in the C
max

 and 

AUC values of PUE-SCU CLNs compared with the corre-

sponding values for the PUE and SCU solutions (p,0.01).

The enhanced ocular bioavailability provided by the 

CLN delivery system may be attributed to three factors, the 

ocular contact time of the delivery system, drug permeability 

through the cornea, and higher DL capacity. First, the 

preocular retention study indicated that the CLN formula-

tion exhibited prolonged residence in the ROI, which may 

improve the ocular contact time as discussed above. Second, 

the in vitro corneal penetration evaluation showed that the 

P
app

 value of the PUE-SCU CLNs exhibited a 2.01-fold and 

1.23-fold increase relative to the PUE and SCU solutions. 

Furthermore, Gelucire®44/14 increases the solubility of dis-

solved drugs and enhances the absorption of poorly soluble 

drugs, contributing to improved drug bioavailability.45 All 

of these factors ensure intimate contact with the epithelial 

mucosal surface of the eye, preventing tear washout and con-

sequently providing sustained drug release and a prolonged 

drug retention time. Such a system may be more advanta-

geous than conventional dosage forms of PUE and SCU due 

to increased solubility and bioavailability. A sustained effect 

could improve patient compliance and reduce the dose and 

associated side effects.

Figure 4 Fluorescence images of rabbit eyes after administration (M1: corneal surface; M2: inner canthus and nasolacrimal duct region).
Notes: (A) RhB solution; (B) RhB-CLNs.
Abbreviations: CLNs, cationic lipid nanoparticles; RhB, rhodamine B.

Table 3 Pharmacokinetic parameters of PUE in aqueous humor after topical administration in the conscious rabbits (Χ– ± SD, n=3)

Preparation Tmax (h) Cmax (μg⋅mL-1) AUC (μg⋅mL-1⋅h) T1/2 (h) MRT (h) VRT (h)

Solution 0.33 0.49±0.12 1.01±0.23 0.53±0.16 1.13±0.35 0.81±1.43
Formulation 1 0.67 0.59±0.30* 2.95±0.25** 0.12±0.21 1.06±0.31 1.68±1.28
Formulation 2 0.67 0.64±0.09* 2.22±0.36** 0.13±0.22 1.48±0.33 1.68±0.65
Formulation 3 0.67 0.83±0.28* 2.35±0.35** 1.92±0.06** 1.23±0.24 1.56±1.21

Notes: Solution was PUE and SCU mixed solution; formulation 1 was lipid nanoparticles; formulation 2 was lipid nanoparticles with QACMC as a cationic material; and 
formulation 3 was lipid nanoparticles with QACMC and Gelucire®44/14 as a cationic material and penetration enhancer, respectively. *p,0.05 versus PUE solution; **p,0.01 
versus PUE solution.
Abbreviations: Tmax, time to peak concentration; Cmax, maximum concentration of PUE; AUC, area under the curve; T1/2, half-life time; MRT, average residence time; 
VRT, retention time variance; PUE, puerarin; SCU, scutellarin; SD, standard deviation; QACMC, octadecyl quaternized carboxymethyl chitosan.
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The molecular dynamics model
Computation of the PMF
Figure 6A and B shows the free energy profiles of PUE and 

SCU passing across the POPC bilayer, and it can be seen 

that the shape of these two free energy profiles are, to some 

extent, alike. The obvious difference was the free energy well 

depth. It was calculated from the figure that the maximum 

free energy required for PUE transmembrane movement 

was ~15 kJ⋅mol-1, and for SCU was ~88 kJ⋅mol-1. These 

results indicated that compared with SCU, PUE passed easily 

through the membrane.

In addition, molecular modeling of the POPC bilayer 

system was performed to ensure that finite size effects were 

not being observed. Due to time and resource constraints, 

a 10-ns simulation was performed. Figure 6C–F shows the 

final structure of PUE and SCU at the highest and lowest 

energies, respectively. The results indicated that PUE was 

more likely to remain in the hydrophobic region. Due to PUE 

being an isoflavone, the structure of 4-glucosine makes it 

aqueous soluble.48

Molecular dynamics simulation
Figure 7 shows the mean square deviation of PUE and SCU 

at 100 ns. The diffusion coefficient of PUE and SCU was 

4.1×10-3±0.0027 and 1.0×10-3±0.0006 e-5cm2⋅s-1, respec-

tively. These results showed that the diffusion coefficient of 

PUE was higher than that of SCU, indicating that PUE was 

more likely to improve bioavailability. It can be seen from 

the data that the molecular dynamics model was consistent 

with the experimental results.

The use of multiscale mathematical and computational 

models to study complex biological processes is becoming 

increasingly productive. Advances in modeling are enabling 

virtual experiments to explore and answer questions that are 

problematic to address in the wet-lab.49 As computer power 

and algorithm design continue to improve, molecular dynamics 

Figure 5 PUE and SCU concentration–time profiles following a 200-μL topical administration at a dose of 2.0 mg⋅mL-1 in the aqueous humor (n=3).
Notes: (A) PUE; (B) SCU.
Abbreviations: PUE, puerarin; SCU, scutellarin.

Table 4 Pharmacokinetic parameters of SCU in aqueous humor after topical administration in the conscious rabbits (Χ– ± SD, n=3)

Preparation Tmax (h) Cmax (μg⋅mL-1) AUC (μg⋅mL-1⋅h) T1/2 (h) MRT (h) VRT (h)

Solution 0.33 0.50±0.37 0.72±0.21 0.43±0.22 0.65±0.28 0.66±1.15
Formulation 1 0.67 0.57±0.05* 1.42±0.18** 1.63±0.23** 0.91±0.35 1.43±0.98
Formulation 2 0.33 0.52±0.14* 1.09±0.23* 0.79±0.33* 1.50±0.18 1.45±1.02
Formulation 3 0.67 0.56±0.28* 1.67±0.15** 1.82±0.33** 1.08±0.24 1.39±0.53

Notes: Solution was PUE and SCU mixed solution; formulation 1 was lipid nanoparticles; formulation 2 was lipid nanoparticles with QACMC as a cationic material; and 
formulation 3 was lipid nanoparticles with QACMC and Gelucire®44/14 as a cationic material and penetration enhancer, respectively. *p,0.05 versus SCU solution; **p,0.01 
versus SCU solution.
Abbreviations: Tmax, time to peak concentration; Cmax, maximum concentration of SCU; AUC, area under the curve; T1/2, half-life time; MRT, average residence time; 
VRT, retention time variance; PUE, puerarin; SCU, scutellarin; SD, standard deviation; QACMC, octadecyl quaternized carboxymethyl chitosan.
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simulation plays an increasingly important role. The molecular 

dynamics model is used in systems biology to understand, 

predict, and translate a wealth of experimentally generated 

data into a realization of systems behavior. This method 

has many advantages such as convenient modification of 

parameters, a short research period, and accurate and reliable 

results that are easy to verify. Modeling efforts are driving 

biological research from a descriptive field to a predictive field, 

especially in the context of pharmaceutical research. The ability 

to unify genomic, proteomic, and metabolomics data using 

modeling constructs is an emerging technique that facilitates 

new drug development and discovery along with new ways 

to repurpose old drugs.50,51 Therefore, molecular dynamics 

can be used as a new technique to evaluate formulations.

∆ ∆

Figure 6 (A, B) Free energy profiles of PUE and SCU passing across POPC bilayer. (C, D) The final structure of PUE at the lowest and highest energies. (E, F) The final 
structure of SCU at the highest and lowest energies.
Abbreviations: PUE, puerarin; SCU, scutellarin.
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Conclusion
CLN systems containing multiple drug components can be 

used in ophthalmic drug delivery systems and can serve as a 

promising means of increasing the ocular bioavailability of 

PUE and SCU. Molecular dynamics is also a promising drug 

analysis method that can be used to evaluate the performance 

of formulations.
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