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Abstract: As a novel ion-exchange carrier with high surface area and excellent exchangeability, 

montmorillonite (Mt) was intercalated with betaxolol hydrochloride (BH) to form a nanocompos-

ite and then encapsulated by liposomes (Mt-BH-LPs) for an ophthalmic drug-delivery system. 

The Mt-BH and Mt-BH-LPs were prepared by an acidification process and ethanol injection 

combined with ammonium sulfate gradient methods. The successful formation of Mt-BH and 

Mt-BH-LPs was verified by thermogravimetric analysis, X-ray diffraction, Fourier-transform 

infrared spectra, and transmission electron microscopy. Mt-BH-LPs possessed the favorable 

physical characteristics of encapsulation efficiency, drug loading, mean particle size, and 

ζ-potential. In vitro release studies indicated Mt-BH-LPs effectively maintained a relatively 

sustained slow release. Immortalized human corneal epithelial cell cytotoxicity, in vivo rabbit 

eye-irritation tests, and chorioallantoic membrane–trypan blue staining all revealed that Mt-BH-

LPs had no obvious irritation on ocular tissues. A new in vitro tear-turnover model, including 

inserts containing human corneal epithelial cells, was designed to evaluate the precorneal 

retention time of Mt-BH-LPs. The results showed that Mt-BH-LPs maintained a certain BH 

concentration in tear fluid for a longer period than the BH solution. In vivo precorneal reten-

tion studies also indicated Mt-BH-LPs prolonged drug retention on the ocular surface more 

than the BH solution. Furthermore, pharmacodynamic studies showed that Mt-BH-LPs had a 

prolonged effect on decreasing intraocular optical pressure in rabbits. Our results demonstrated 

that Mt-BH-LPs have potential as an ophthalmic delivery system.

Keywords: liposome, montmorillonite, irritation, precorneal retention time, intraocular optical 

pressure

Introduction
Glaucoma is the most common cause of ocular disease, and is attributed to a rise of 

intraocular pressure (IOP) that finally results in the loss of vision.1,2 During the past few 

decades, great efforts have been made to improve the effects of conventional ophthalmic 

dosage forms to eliminate this ocular disease, but the drawback of blurred vision has 

mainly hindered their wide acceptance.3 Betaxolol hydrochloride (BH) has been employed 

for the treatment of this problem, due to its superior ability of selective β
1
-receptor and 

calcium-channel blocking.4 These characteristics can effectively suppress aqueous humor 

generation and increase its effusion, resulting in a reduction in IOP and inhibition of 

disease progression. However, application of BH is limited by its extremely low bioavail-

ability and some side effects. The low bioavailability of BH is mainly due to the poor 

permeability of the cornea to drugs. Therefore, a novel local ocular delivery system for 

BH needs to develop to improve preocular retention and drug absorption.5
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In recent years, various ophthalmic drug-delivery 

systems have been developed for ocular carriers, includ-

ing liposomes (LPs),6–8 nanoparticles,9,10 microspheres,11,12 

nanostructured lipid carriers,13,14 in situ gels,15,16 and contact 

lenses.17 Among these, LPs have proved to be a promising 

formulation for ocular drug transport in the last decade, 

because they include enclosed vesicles and bilayer structures. 

These structures have many favorable features, including 

good biocompatibility, non-immunogenicity and sustained 

release.18,19 Furthermore, LPs have suitable particle size 

(PS) and ζ-potential (ZP), which can improve precorneal 

residence ability and drug uptake.20 Therefore, LPs may be 

a good candidate for enhancing the ocular bioavailability of 

topically administered drugs.

Montmorillonite (Mt) is a novel ion-exchange drug car-

rier with high surface area and excellent exchangeability.21,22 

In recent years, Mt intercalated by drug molecules with dif-

ferent structures has attracted great interest from researchers, 

as the different structures have exhibited improved drug 

release properties. Zheng et al studied the intercalation of 

ibuprofen molecules into an Mt interlayer as a sustained-

release drug carrier.23 Fejér et al investigated the intercalation 

and release behavior of promethazine chloride and buformin 

hydrochloride from Mt.24 Nunes et al reported the loading 

and delivery of sertraline using Mt K10.25 Our research 

has also shown that solid lipid nanoparticles22 and chitosan 

nanoparticles26 intercalated with Mt–drug nanocomposites 

to form nanocarriers can serve as promising ocular drug-

delivery systems.

In this study, for the first time, BH was intercalated 

with Mt and then encapsulated by LPs to construct a novel 

nanocarrier of Mt-BH-LPs, which were prepared by acidifica-

tion of Mt and ethanol injection combined with ammonium 

sulfate gradient methods, respectively. The microscopic 

characteristics of Mt-BH-LPs were measured by Fourier-

transform infrared spectroscopy (FTIR), thermogravimetric 

analysis (TGA), X-ray diffraction (XRD), and transmission 

electron microscopy (TEM). Pharmaceutical evaluation of 

Mt-BH-LPs was conducted subsequently, including encap-

sulation efficiency (EE), drug-loading (DL) rate, PS, ZP, 

and in vitro drug-release behavior. Three different tests were 

applied to evaluate irritation of the Mt-BH-LP drug-delivery 

system, including immortalized human cornea epithelial 

cell (iHCEC) cytotoxicity test, in vivo rabbit eye-irritation 

test, and chorioallantoic membrane–trypan blue staining 

(CAM-TBS). Finally, the pharmacokinetics and pharmaco-

dynamics of Mt-BH-LPs were also investigated, including 

in vitro and in vivo precorneal retention and the effect of 

these ophthalmic formulations on IOP.

Materials and methods
Materials
Mt was obtained from Aladdin Biochemical Technology 

(Shanghai, China). BH was purchased from Hao Industrial 

(Jinan, China). Phosphatidylcholine (PC) was obtained from 

Taiwei Pharmaceutical (Shanghai, China). MTT and all 

components of buffer solutions were from Sigma-Aldrich 

(St Louis, MO, USA). All other chemical reagents used in 

the study were of high-performance liquid chromatography 

(HPLC) or analytical grade.

Preparation of Mt-Bh and Mt-Bh-lPs
Mt-BH was prepared based on acidification of Mt under 

different reaction conditions.22,27,28 BH solution (100 mL 

3 mg⋅mL−1) and 100 mg acid-Mt were mixed in a beaker. 

After the dispersion’s pH had been adjusted to 4, the mixture 

was left static for adsorption to occur in a 50°C water bath 

for 6 hours. The solid and liquid phases were separated by 

centrifugation and the solid Mt-BH dried and then stored 

for further treatment. Mt-BH-LPs were prepared by ethanol 

injection combined with an ammonium sulfate gradient.29,30 

Briefly, 225 mg PC, 25 mg cholesterol, and octadecylamine 

were placed in 5 mL ethanol as the oil phase at 60°C. Mt-BH 

was added into the oil phase and ultrasonified for 10 minutes. 

Then, the mixture was slowly injected into the 10 mL 

0.15 mol⋅L−1 ammonium sulfate and stirred for 30 minutes. 

After further evaporation of the organic solvents, the resulting 

residue was added to BH to form Mt-BH-LPs spontaneously. 

BH-LPs were prepared with the same steps, but without the 

addition of Mt-BH. The obtained BH-LPs and Mt-BH-LPs 

were stored at 4°C. The preparation process of Mt-BH-LPs 

is shown in Figure 1.

Entrapment efficiency and drug-loading 
rate
EE and DL of Mt-BH-LPs were investigated by dynamic 

dialysis.31 The free BH was separated by dialysis using  

a dialysis bag with molecular weight of 12–14 kDa. Mt-BH-LP 

dispersions (5 mL) were transferred into the dialysis bags, 

immersed in 100 mL solvent medium of normal saline, and 

then stirred at 120 rpm at 34°C. The drug concentration 

attained balance. The BH concentration in the release medium 

was quantified with HPLC. Acetonitrile–trimethylamine 

(30:70, v:v) with pH 3 was used as the mobile phase at a 
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flow rate of 1 mL⋅min−1. The determined wavelength, column 

temperature, and injection volume were 275 nm, 25°C, and 

20 µL, respectively. EE and DL of Mt-BH-LPs were calcu-

lated according to the following equations:

 

EE
C C

C
0=

−
×

0

100%

 

(1)

 

DL
EE m

m
BH

Mt BH LP

=
×

×
− −

100%

 

(2)

where, C
0
, C, m

BH
 and m

Mt–BH–LP
 are the BH concentra-

tion (mg⋅mL−1) of Mt-BH-LPs without dialysis treatment, 

BH concentration of Mt-BH-LPs in solvent medium after 

dialysis treatment, dosage of BH, and mass of Mt-BH-LPs, 

respectively.

characteristics
A Vertex 70 FTIR spectrometer was used to collect the 

spectrograms. The range, resolution, and scan times were 

400–4,000 cm−1, 4 cm−1, and 64, respectively. TGA was 

measured by a Netzsch STA 409 PC/PG, and heating rate 

and nitrogen flow were 10°C⋅min−1 and 60 cm3⋅min−1, respec-

tively. XRD patterns were determined using a Bruker D8 

advance diffractometer (CuKα radiation) from 3° to 70°, and 

the scan rate, generator voltage, and generator current were 

3°⋅min−1, 40 kV, and 40 mA, respectively. The morphology 

of the Mt-BH-LPs was investigated by TEM (Tecnai 10; 

Philips, Amsterdam, the Netherlands) at an acceleration 

voltage of 115 kV. PS and ZP of the LPs were measured by 

dynamic light scattering and electrophoretic light scattering, 

respectively, both using a Beckman apparatus.

stability studies
Mt-BH-LPs (1 mL 2.8 mg⋅mL−1) were mixed with 10, 50, and 

100 mL saline, simulated tear fluid (STF), and phosphate-

buffered saline, respectively. Stability studies were conducted 

at 34°C without light and performed in triplicate. Changes in 

appearance of the samples were observed, including the color, 

turbidity, and precipitation. The PSs of the sample were also 

measured at predetermined time intervals.

In vitro release studies
The in vitro release rate of BH from Mt-BH-LPs was inves-

tigated according to the dialysis method. Mt-BH-LP (5 mL) 

dispersions were placed in a dialysis bag and then immersed 

in 100 mL release medium of STF at 34°C at 120 rpm. Briefly, 

6.78 g NaCl, 2.18 g NaHCO
3
, 0.084 g CaCl

2
⋅2H

2
O, and 1.38 g  

KCl were dissolved in 1,000 mL deionized water to serve as 

STF. At predetermined time intervals, 5 mL of the release 

medium was withdrawn and immediately replaced with an 

equal amount of fresh release medium. The BH content in the 

release medium was determined by HPLC. Each experiment 

was repeated five times. The data of in vitro release studies 

were fitted to several drug-releasing models to determine the 

mechanism of drug release from the Mt-BH-LPs.

Figure 1 schematic of the preparation process of Mt-Bh-lPs.
Abbreviations: Mt-Bh-lPs, montmorillonite–betaxolol hydrochloride liposomes; Bh, betaxolol hydrochloride; Mt, montmorillonite.
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Irritation evaluation
In vitro cytotoxicity
iHCECs were cultured in Dulbecco’s Modified Eagle’s 

Medium DMEM/F12, along with 10% (v/v) fetal bovine serum 

(FBS), 0.1 mg⋅mL−1 streptomycin and 1,000 IU⋅mL−1 penicillin 

in a 37°C atmosphere containing 5% CO
2
. In vitro cytotoxicity 

of Mt-BH-LPs was evaluated according to MTT assay, which 

is based on the mitochondrial conversion of the tetrazolium salt 

MTT.32 Approximately 104 cells/cm2 were seeded in 96-well 

plates and cultured for 24 hours. The culture medium was 

removed, and then various samples (2.8 mg⋅mL−1) of differ-

ent volumes (10, 20, 30, 50, 80, and 100 µL) with different 

dissolving times (0.5, 2, and 4 hours) in Dulbecco’s Modified 

Eagle’s Medium/F12 were added to the cells (100 µL per well). 

After 24 hours’ exposure, the culture medium was removed 

and the cell substrate washed with phosphate-buffered 

saline, and then 180 µL of fresh medium and 20 µL of MTT 

(5 mg⋅mL−1) were added to each well for 4 hours’ treatment. 

At the end of the assay, the obtained formazan granules were 

dissolved in dimethyl sulfoxide. Cell viability was measured 

by spectrophotometry at 490 nm by the formula:

 

Cellviability %
A

A
1

0

= × 100%

 

(3)

where A
1
 and A

0
 are absorbance of the test and control group, 

respectively.

In vivo rabbit eye-irritation test
All animal experiments complied with the require-

ments of the National Act on Experimental Ani-

mals (China) and were approved by the animal ethics 

committee of Southern Medical University. Animals used for 

all experiments were the same batch number weighing 2–2.5 kg, 

without any signs of inflammation or gross ocular abnormality 

(eg, cataract, glaucoma). Twelve healthy New Zealand White  

rabbits were chosen for the single-dosage ocular irritation test 

and divided into four groups. The left eyes of every group 

received 50 µL normal saline as blank controls, and the right eyes 

were administered 50 µL sample as the test group. The eyes were 

examined at 1, 2, 4, 24, 48, and 72 hours after administration, 

and irritation was evaluated by Draize eye-test guidelines.33 The 

long-term ocular irritation tests were the same as single-dosage 

ocular irritation tests, except administration was continued to 7 

days. After irritation tests, the rabbits were killed by air injec-

tion. Eyeballs were excised and fixed by 10% formalin, and after 

staining with hematoxylin and eosin, histopathology of corneas 

and conjunctiva were observed by microscope.

chorioallantoic membrane–trypan blue staining assay
Briefly, hen’s eggs were incubated for 9 days and a portion 

of the egg shell above the air space removed, exposing the 

CAM. A 300 µL sample was applied to the CAM (defective 

eggs were discarded) and remained in contact for 5 minutes. 

Then, the sample was washed by normal saline and 0.5 mL 

TB solution (1 mg⋅mL−1) was added to the CAM for 1 minute. 

Finally, the dyed CAM was excised and the adsorbed TB 

extracted with 1 mL formamide for 24 hours. The extract 

was determined by UV at 611 nm in quintuplicate. Normal 

saline and 0.1 mol⋅L−1 NaOH were used as negative and 

positive control groups, respectively. The absorbed amount 

of TB was proportional to the irritation.

Precorneal retention of Mt-Bh-lPs
In vitro precorneal retention of Mt-Bh-lPs
iHCEC layers were used as a model. Before cultivation, an 

ethanolic solution of type I rat-tail collagen (1.5 mg⋅mL−1) 

that had been acidulated with acetic acid was cast in a 

Transwell, and then an aqueous solution of fibronectin 

(10 µg⋅mL−1) was flowed onto the collagen-coated filter. 

After removal of the fibronectin solution, the iHCECs 

dispersed in the culture medium were seeded onto the filter, 

and when the iHCECs became confluent, cell differentia-

tion and multilayered growth of the epithelium was induced 

by lifting the construct to the air–liquid interface to have a 

varying period of submerged cultivation. Precorneal reten-

tion time of Mt-BH-LPs versus solution was evaluated by 

using an in vitro tear-turnover apparatus (Figure 2) and the 

inserts in which corneal tissue had been cultured as a turnover 

chamber. Then the inserts were placed in a thermostating bath 

at 34°C to maintain the temperature of the human TF. The 

in- and outflow of tears in the chamber were controlled by 

a peristaltic pump. Each experiment started by transferring 

30 µL of the sample (2.8 mg⋅mL−1) in the turnover chamber 

Figure 2 schematic diagram of the in vitro tear-turnover apparatus.
Notes: The model incorporated an insert containing cultured corneal tissue as 
a turnover chamber; the external basal side of the insert was sealed to avoid a 
downward diffusion of material. The system was temperature-controlled at human 
tear-film temperature (34°C). Constant in- and outflow of simulated tears in the 
chamber were controlled by peristaltic pumps.
Abbreviations: STF, simulated tear fluid; iHCEC, immortalized human corneal 
epithelial cell.
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prefilled with 270 µL of STF. Every 10 minutes, 500 µL of 

collected solution and precorneal retention time was deter-

mined by HPLC with fluorescence detection.

In vivo precorneal retention of Mt-Bh-lPs
Precorneal retention ability of Mt-BH-LPs was evaluated 

by using a tear-elimination method.34 Briefly, six healthy 

New Zealand White rabbits were chosen and divided into 

BH-solution and Mt-BH-LP groups. Samples (50 µL) were 

dropped into conjunctival sacs of rabbits, and then the eyes 

were closed for 1 minute. At predetermined time intervals, 

an 8×8 cm paper was placed in the conjunctival sac to 

absorb tears for 1 minute. The ∆m of paper was regarded 

as the weight of absorbed tears. Each sample was dried and 

extracted by 200 µL methanol, vortexed for 5 minutes, and 

centrifuged at 15,000 rpm for 15 minutes. The supernatant 

was determined by HPLC and BH concentration in tears 

using the formula:

 
C

C

m0
0=

× ×
∆
V ρ

 
(4)

where C
0
 is the drug concentration in tears, C the drug con-

centration in methanol, ρ the density of tears (ρ=1), and ∆m 

the weight of tears.

Pharmacodynamic studies
New Zealand albino rabbits with weight 2–2.5 kg were used 

for in vivo pharmacodynamic studies. Rabbits were kept in 

a dark room for 5 hours before the experiment.35 IOP was 

measured by an indentation tonometer (YZ7A; Suzhou 

Visual Technology Co Ltd, Suzhou, China) under surface 

anesthesia (0.2% lidocaine hydrochloride). These six rabbits 

were divided into two groups: one instilled with 50 µL 

Mt-BH-LPs into the left eye, and the other instilled with 

equal BH solution into the left eye. To avoid experimental 

bias, 50 µL normal saline was placed in the conjunctival sac 

of the right eye (control) and kept open for about 1 minute 

to prevent the eyedrops from overflowing. IOP of all eyes 

was measured eight times at predetermined time intervals 

(0, 0.5, 1, 2, 3, 4, 5, and 6 hours). Each measurement obtained 

three readings.

Results and discussion
Pharmaceutical evaluation
There was no increase in drug concentration for up to 2 hours, 

indicating that the free drugs dialyzed out completely and drug 

concentration attained balance at 2 hours (Figure 3). EE and 

DL of Mt-BH-LPs were 75.85%±2.15% and 11.41%±0.29% 

(n=3), respectively. Ethanol injection combined with the 

ammonium sulfate gradient was efficient and reproducible. 

PS is of great importance in affecting the cellular uptake of 

topically administered drugs. The PS limit for human-eye 

tolerance is about 10 µm, and thus the carrier with smaller 

PS shows better ability to cross the biobarrier and has better 

patient compliance.36 ZP is another key factor in controlling 

the stability of ophthalmic drug-delivery systems. As shown 

in Figure 4A, PS, ZP, and polymer-dispersion index values 

for BH-LPs without Mt incorporation were 166.4±1.89 nm, 

19.33±0.41 mV, and 0.155±0.019, respectively. After the 

loading of Mt into the BH-LPs, mean PS, ZP and PDI values 

for Mt-BH-LPs were 218±22.32 nm, 17.03±0.25 mV, and 

0.191±0.064, respectively (Figure 4B). This indicated that the 

loading of Mt into the BH-LPs had little effect on the param-

eters of PS and ZP, which was beneficial for its application in 

an ocular drug-delivery system. Stability studies showed that 

no significant alteration in appearance or PS was observed.

The morphology of the Mt-BH-LPs was observed through 

TEM graphs (Figure 5). BH-LPs were uniformly dark solid 

spheres with an approximate diameter of 130 nm (Figure 5B), 

which was consistent with the value estimated by dynamic 

light-scattering analysis. On the contrary, the Mt-BH-LPs 

exhibited a clear double-layer vesicle shape with a slightly 

increasing diameter of about 180 nm after encapsulation of 

Mt-BH by LPs (Figure 5D). The formation of the double-

layer vesicle resulted from the aggregation of LPs.

The characteristic 2θ peaks (d
001

) of acid-Mt and Mt-BH 

were 5.5° and 4.8°, with corresponding basal spacing of 

1.54 nm and 1.93 nm, respectively (Figure 6). The increase 

in d-value indicated that BH molecules had been intercalated 

Figure 3 Time to dialysis equilibrium of Mt-Bh-lPs.
Abbreviation: Mt-Bh-lPs, montmorillonite–betaxolol hydrochloride liposomes.
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Figure 4 Particle-size distribution of (A) BH-LPs and (B) Mt-Bh-lPs.
Note: The red line indicates cumulative distribution. The black line inidates the percentage of the particle size. f, differential intensity.
Abbreviation: Mt-Bh-lPs, montmorillonite–betaxolol hydrochloride liposomes.

A

1 µm

B

200 nm

C

1 µm

D

200 nm

Figure 5 TEM images of (A, B) BH-LPs and (C, D) Mt-Bh-lPs.
Note: (B and D) show magnification of red squares in (A and C), respectively.
Abbreviations: TeM, transmission electron microscopy; Mt-Bh-lPs, montmorillonite–betaxolol hydrochloride liposomes.
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into the Mt-interlayer space.37 Surprisingly, when the 

acid-Mt and BH were simply mixed, the mixture showed 

the characteristic peaks belonged only to acid-Mt or BH, 

without appearance of any new peaks. This implied that 

the physical mixture processes did not change the lamellar 

spacing of the hybrid. Interestingly, the characteristic peaks 

of acid-Mt and Mt-BH disappeared in the Mt-BH-LP curve, 

due to the aggregation of chain alignment in the LPs after 

cross-linking, which demonstrated the Mt-BH-LPs were 

successfully formed.38

TGA and differential scanning calorimetry curves were 

used to explain the new chemical bonding of these hybrids 

further.39,40 BH showed a sharp weight loss (about 95 wt%) at 

240°C–450°C, because of its total decomposition (Figure 7). 

Acid-Mt showed a slight weight loss (about 8 wt%) at 120°C, 

due to the evaporation of adsorbed water. Compared with 

acid-Mt, Mt-BH possessed a slight weight loss (about 9 wt%) 

at 270°C–500°C, corresponding to the decomposition of the 

BH, which suggested BH was successfully intercalated into 

the Mt-interlayer space.41 Mt-BH-LPs and BH-LPs both dis-

played obvious weight loss (about 67 wt%) at 170°C–600°C, 

due to the decomposition of LPs.42 Furthermore, compared 

with BH-LPs, Mt-BH-LPs exhibited a characteristic weight 

loss (about 5 wt%) at 700°C–1,000°C, corresponding to the 

structural damage of Mt, indicating Mt-BH was successfully 

encapsulated by LPs.43

FTIR spectra of acid-Mt, BH, Mt-BH, and Mt-BH-LPs 

are presented in Figure 8. Absorptions at 3,431, 1,081, and 

1,041 cm−1 belonged to –OH, Si–O, and in-plane stretching 

vibrations of Mt, respectively.44 In the spectra of pure BH, 

absorption at 3,280, 1,612, and 1,512 cm−1 were ascribed 

to aromatic ring C–H and alkyl chain C–H stretching and 

θ °

θ °

θ °

θ °

Figure 6 (A) XrD patterns of Bh, acid-Mt, Mt-Bh, acid-Mt + BH BH-LPs, and Mt-BH-LPs; (B) enlarged XrD patterns of acid-Mt and Mt-Bh.
Abbreviations: XrD, X-ray diffraction; Mt-Bh-lPs, montmorillonite–betaxolol hydrochloride liposomes; Bh, betaxolol hydrochloride; Mt, montmorillonite.

Figure 7 (A) TGA and (B) Dsc pattern of Bh, acid-Mt, Mt-Bh, Bh-lPs, and Mt-Bh-lPs.
Abbreviations: Tga, thermogravimetric analysis; Dsc, differential scanning calorimetry; Mt-Bh-lPs, montmorillonite–betaxolol hydrochloride liposomes; Bh, betaxolol 
hydrochloride; Mt, montmorillonite.
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deformation vibrations. After the intercalation of BH into 

the Mt-interlayer space, characteristic bands (3,280 and 

2,900–3,100 cm−1) of BH disappeared in the spectrum of 

Mt-BH, which indicated that BH molecules interacted 

strongly with the Mt.45 Furthermore, Mt-BH-LPs showed a 

broad peak around 3,100–3,500 cm−1 with the disappearance 

of characteristic bands (3,622 cm−1), due to the aggregation 

of LPs.46 All these variations demonstrated that Mt-BH was 

successfully incorporated into the LP interlayer.

In vitro release studies
To evaluate release properties of Mt-BH-LPs, in vitro 

release experiments were performed and compared with 

BH-LPs and BH solution (Figure 9). It was found that 

approximately 100% of BH rapidly released within 2.5 hours 

from the BH sample, which suggested that BH can freely 

diffuse through the dialysis membrane. Compared with 

the BH solution, BH-LPs exhibited a release of 50.3% in 

the initial 2.5 hours, which led to 69.9% release within  

10 hours. The initial burst release of BH from BH-LPs 

was responsible for the adsorption of BH onto the surface 

of LPs. Furthermore, for Mt-BH-LPs, a slower release of 

only 43.7% was observed in the initial 2.5 hours compared 

with BH-LPs, followed by a phase of sustained release at a 

much slower release rate. The slower release rate of BH from 

Mt-BH-LPs could be ascribed to the intercalation of BH 

into the Mt-interlayer space. In addition, the characteristic 

of ion-exchange reactions and the existence of electrostatic 

interactions between the intercalated drug and the alkali 

metal ions of the buffer were responsible for a relatively 

sustained slow release.47

The drug release from simulation models showed that the 

in vitro drug-release profiles of Mt-BH-LPs were consistent 

with both the Weibull equation (r =0.9988) and the first-

order kinetics equation (r =0.9913). These indicated that BH 

release was controlled by diffusion, as well as matrix-erosion 

mechanisms from Mt-BH-LPs at a suitable rate.48

Irritation evaluations
In vitro cytotoxicity
The viability of iHCECs after exposure to Betoptic, BH 

solution, blank LPs and Mt-BH-LPs in different amounts 

for 0.5, 2, and 4 hours is shown in Figure 10. These results 

showed that the cytotoxicity of each sample for cells was 

amount-dependent. As shown in Figure 10A, cell viability 

with Betoptic was the lowest among the samples. In general, 

cell viability was under 60% when the administration volume 

of Betoptic was only 10 µL. Cell viability fell sharply below 

20% when the administration volume was over 20 µL. The 

high cytotoxicity of Betoptic might be due to its greater 

viscidity and electropositivity. On the contrary, the viabil-

ity of iHCECs treated with 10, 20, and 30 µL of BH, blank 

LPs, and Mt-BH-LPs, respectively, was very high (70%), 

and no obvious difference in cell survival was observed 

among these samples. Although viability values showed 

a significant decrease when the amount exceeded 100 µL, 

blank LP and Mt-BH-LP exposure showed higher viability 

for iHCECs compared with BH. This may be explained by 

the fact that Mt-BH-LPs can protect the cells from damage 

by BH (raw drug). Figure 11 shows the toxicity of Betoptic, 

BH, blank LPs, and Mt-BH-LPs on iHCECs at each amount  

Figure 8 FTIr spectra of acid-Mt, Bh, Mt-Bh, and Mt-Bh-lPs.
Abbreviations: FTIr, Fourier-transform infrared; Mt-Bh-lPs, montmorillonite–
betaxolol hydrochloride liposomes; Bh, betaxolol hydrochloride; Mt, montmorillonite.

Figure 9 In vitro release curves of Bh solution, Bh-lPs, and Mt-Bh-lPs.
Abbreviations: Mt-Bh-lPs, montmorillonite–betaxolol hydrochloride liposomes; 
Bh, betaxolol hydrochloride.
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(10, 20, 30, 50, 80, 100 µL) for 2 hours was Betoptic  BH  

Mt-BH-LPs  blank LPs. From these results, it is clear that 

Mt-BH-LPs can effectively maintain superior cell viability 

within an appropriate range.

In vivo rabbit eye-irritation test
The ocular irritation of the BH and Mt-BH-LP formulations 

was estimated by the Draize method, with normal saline 

and Betoptic formulations as a control experiment. Cornea 

and iris scores for all formulations were all zero (Table 1). 

Though eyes showed conjunctival congestion for the BH and 

Mt-BH-LP formulations, there were no significant differences 

compared with normal saline and Betoptic. This conjunctival 

congestion was responsible for the sensitivity of conjunctiva to 

exogenous compounds. Total scores were 0–3 for all formula-

tions in single dosages or long-term eye-irritation experiments. 

Figure 10 Cell viability of (A) Betoptic, (B) BH solution, (C) blank LPs, and (D) Mt-Bh-lPs at different exposure times and amounts.
Abbreviations: Mt-Bh-lPs, montmorillonite–betaxolol hydrochloride liposomes; Bh, betaxolol hydrochloride.

Figure 11 Viability of ihcecs with differing amounts of Betoptic, Bh solution, 
blank lPs, and Mt-Bh-lPs exposure for 2 hours.
Abbreviations: ihcecs, immortalized human corneal epithelial cells; Mt-Bh-lPs, 
montmorillonite–betaxolol hydrochloride liposomes; Bh, betaxolol hydrochloride.
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Table 1 Draize test scores

Normal saline Betoptic BH solution Mt-BH-LPs

Single Long-term Single Long-term Single Long-term Single Long-term

cornea 0 0 0 0 0 0 0 0
Iris 0 0 0 0 0 0 0 0
conjunctival congestion 0 0.7 0.3 1 1 2 0.3 1
conjunctival edema 0 0 0 0.3 0 0.3 0 0
secretions 0 0 0 0 0 0 0 0
Total score 0 0.7 0.3 1.3 1 2.3 0.3 1

Abbreviations: Mt-Bh-lPs, montmorillonite–betaxolol hydrochloride liposomes; Bh, betaxolol hydrochloride.

These scores demonstrated that Mt-BH-LPs showed no sign 

of irritation effects on ocular tissues in rabbit eyes and even 

lower irritation than BH and commercial Betoptic.

Histological analysis of corneal sections of different 

formulations after long-term irritation testing is shown in 

Figure 12. In Figure 12A, the normal cornea shows a smooth 

and clear tissue structure. Satisfactory epithelium and stroma 

structure with a little edema was maintained after administra-

tion of normal saline (Figure 12B). However, after treatment 

with Betoptic, superficial epithelial cells were damaged and 

some gaps on the surface of the cornea observed (Figure 12C). 

Mild inflammation in corneal epithelial cells was observed 

after administration of BH (Figure 12D). Moreover, in eyes 

treated with Mt-BH-LPs, corneal epithelial cells exhibited 

some slight edema after long-term irritation tests (Figure 12E). 

Figure 13 presents the immunohistochemistry of conjunctiva 

after long-term irritation tests with different formulations. 

Conjunctiva treated with normal saline (Figure 13B) showed 

slight inflammation with a bulge on the cell surface com-

pared with normal conjunctiva (Figure 13A). In addition, 

conjunctiva receiving Betoptic and BH also both showed a 

chronic inflammation, as verified by the appearance of some 

hyperemia and cellular damage (Figure 13C and D). For the 

Mt-BH-LP group (Figure 13E), conjunctiva revealed little 

infiltration of lymphocytes without obvious inflammation. 

Histological analysis demonstrated that corneas and conjunc-

tiva did not show cell infiltration, hemorrhage, or necrosis 

after treatment with Mt-BH-LPs, indicating that Mt-BH-LPs 

had lower toxicity for the conjunctiva and cornea than BH 

solution and Betoptic after long-term irritation tests.

caM-TBs
The Hen’s egg test–CAM (HET-CAM) method was 

employed to study the macroscopic changes in the CAM, such  

Figure 12 cornea histopathology by microscopy.
Notes: (A) Normal cornea, (B) treated with saline, (C) treated with Betoptic, (D) treated with BH solution, and (E) treated with Mt-Bh-lPs.
Abbreviations: Mt-Bh-lPs, montmorillonite–betaxolol hydrochloride liposomes; Bh, betaxolol hydrochloride.
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as hyperemia, hemorrhage, and coagulation, following 

treatment with test substances (Figure 14A). Previous work 

has reported that the HET-CAM test is not fully representa-

tive of eye irritation.49,50 Therefore, the CAM-TBS method 

was developed to offer an objective estimation strategy 

to overcome the disadvantages of lack of objectivity and 

quantitativeness resulting from the HET-CAM method.51 

This CAM-TBS method was designed to evaluate the nega-

tive effect of substances by measuring the amount of TB 

adsorbed with the CAM as the end point of the assay. TBS 

has been widely applied for measuring cell viability and 

detecting destruction and denaturation of the membrane. 

Absorption for TB was in the order of NaOH (positive con-

trol)  BH  Betoptic  Mt-BH-LPs  normal saline (NS) 

(negative control) (Figure 14B). These results were consistent 

with values estimated by the Draize test, which revealed the 

Mt-BH-LPs were safe for ocular drug delivery.

Precorneal retention of Mt-Bh-lPs
In vitro precorneal retention of Mt-Bh-lPs
Histologically, the construct appears as a stratified epithelium, 

and it could bear resemblance to normal human corneal epithe-

lium (Figure 15). Cell-culture models of ocular barriers could 

provide powerful systems to investigate pharmacokinetic 

properties of Mt-BH-LPs. There is a hypothesis that human 

TF volume is 7 µL and the tear production rate 1.3 µL⋅min−1, 

and so we scaled up these parameters by a factor of 38, putting 

270 µL of STF in the turnover chamber and fixing 50 µL⋅min−1 

tear flux.52 Residence times on corneal epithelium/TF com-

partment after an application of Mt-BH-LPs in comparison 

with BH solution are shown in Figure 16. The highest BH 

concentration (about 38.87 µg⋅mL−1) was observed immedi-

ately after application of BH and rapidly fell to undetectable 

values in less than 60 minutes. For Mt-BH-LPs, an increase 

in BH concentration, followed by almost a plateau and a sub-

sequent decrease, was observed. BH concentrations reached 

undetectable values at more than 110 minutes. These data 

suggested Mt-BH-LPs maintained drug concentrations in 

aqueous humor for a longer time than BH.

In vivo precorneal retention of Mt-Bh-lPs
Pharmacokinetic parameters (Table 2) were estimated by 

using a pharmacokinetic program: 3p87, produced by the 

Mathematics Pharmacological Committee of the Chinese 

Academy of Pharmacology. The half-life, mean residence 

time, and area under the curve of Mt-BH-LPs were 15.7, 2.6, 

and 4.8 times greater than those of BH solution, respectively. 

Figure 17 shows BH concentration in rabbit tears as a function 

of time. Although the general trend of the two formulations 

versus time curves was similar, the BH concentration of Mt-

BH-LPs was higher than that of the BH solution at each time 

point. For the BH solution, the BH concentration in tears rap-

idly fell from about 400 µg⋅mL−1 at 5 minutes to 18 µg⋅mL−1 

within 30 minutes. Compared with the BH solution, the BH 

concentrations of Mt-BH-LPs in tears were higher (about three 

times) than those of BH solution at the same intervals. 

Figure 13 conjunctival histopathology by microscopy.
Notes: (A) Normal cornea, (B) treated with saline, (C) treated with Betoptic, (D) treated with BH solution, and (E) treated with Mt-Bh-lPs.
Abbreviations: Mt-Bh-lPs, montmorillonite–betaxolol hydrochloride liposomes; Bh, betaxolol hydrochloride.
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Figure 14 (A) Hemorrhage situation and (B) trypan blue absorption of caM.
Abbreviations: Ns, normal saline; Mt-Bh-lPs, montmorillonite–betaxolol hydrochloride liposomes; Bh, betaxolol hydrochloride; caM, chorioallantoic membrane.

Figure 15 Frozen section of stratified immortalized human cornea epithelial cells.
Note: Fluorescence microscope image (magnification 400×).

Figure 16 Concentration–time curve in the cornea/tear-film compartment after 
topical application of Bh solution and Mt-Bh-lPs.
Abbreviations: Mt-Bh-lPs, montmorillonite–betaxolol hydrochloride liposomes; 
Bh, betaxolol hydrochloride.
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Interestingly, the BH concentration of 13.6 µg⋅mL−1 in Mt-

BH-LPs was detected even at 240 minutes. This indicated 

that Mt-BH-LPs can remain in the corneal area, which was 

consistent with results estimated by the in vitro pharmacoki-

netic studies. These results revealed that Mt-BH-LPs might 

prolong the retention time of the drugs on the ocular surface 

and slow drug elimination, thus enhancing ocular bioavail-

ability of topically dosed ophthalmic drugs.

Pharmacodynamic studies
Figure 18 shows changes in IOP in rabbits for three groups 

(normal saline, BH, and Mt-BH-LPs) to determine thera-

peutic efficacy. In general, IOP was elevated in rabbits by 

placing them in a dark room.32 IOP increased by 4–5.5 mmHg 

compared with untreated rabbits (15.03 mmHg) after 5 hours 

in the dark. This enhanced IOP was usually maintained for at 

least 8 hours in the dark. It can be seen from Figure 18 that 

both BH and Mt-BH-LPs obviously impeded the enhance-

ment in IOP compared with normal saline. Interestingly, the 

reduction in IOP for Mt-BH-LPs was greater than for BH. 

It can be observed from the curve that the IOP of BH even 

significantly declined by 24% after 1 hour, but rapidly 

returned to baseline values after 6 hours (20.14 mmHg). 

Conversely, Mt-BH-LPs showed a slight decrease in IOP of 

22.4% after 2 hours, and then slowly elevated to 19.45 mmHg 

below baseline values after 6 hours. This implied that the 

novel preparation of Mt-BH-LPs effectively prolonged the 

IOP-lowering effect after administration.

Conclusion
In summary, a novel ion-exchange drug-delivery system 

based on Mt-BH nanocomposite incorporated into LPs 

(Mt-BH-LPs) was developed. Mt-BH and Mt-BH-LPs were 

prepared by acidification and ethanol injection combined 

with an ammonium sulfate gradient. Data from TGA, XRD, 

FTIR, and TEM demonstrated the successful formation of 

the Mt-BH nanocomposite and Mt-BH-LP formulation. 

Mt-BH-LPs were supposed to be of small PS and exhibit 

sustained release, as estimated by dynamic light scattering 

and in vitro release, respectively. MTT, CAM-TBS, and 

in vivo rabbit eye-irritation tests all demonstrated that 

Mt-BH-LPs induced no obvious irritation and were com-

paratively safe for ophthalmic delivery. Both in vitro and 

in vivo precorneal retention of Mt-BH-LPs revealed that 

they might increase the precorneal residence time of BH 

and reduce precorneal drug loss. Therefore, Mt-BH-LPs can 

decrease IOP more effectively than BH solution. From the 

aforementioned results, Mt-BH-LPs have been demonstrated 

to be a potential candidate for ocular drug delivery.
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