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Background: Glaucoma is a serious eye disease that can lead to loss of vision. Unfortunately,
effective treatments are limited by poor bioavailability of antiglaucoma medicine due to short
residence time on the preocular surface.

Materials and methods: To solve this, we successfully prepared novel controlled-release ion-
exchange microparticles to deliver betaxolol hydrochloride (BH). Montmorillonite/BH complex
(Mt-BH) was prepared by acidification-intercalation, and this complex was encapsulated in micro-
spheres (Mt-BH encapsulated microspheres [BMEMs]) by oil-in-oil emulsion—solvent evaporation
method. The BH loaded into ion-exchange Mt was 47.45%0.54%. After the encapsulation of
Mt-BH into Eudragit microspheres, the encapsulation efficiency of BH into Eudragit microspheres
was 94.35%%1.01% and BH loaded into Eudragit microspheres was 14.31%10.47%.

Results: Both Fourier transform infrared spectra and X-ray diffraction patterns indicated that
BH was successfully intercalated into acid-Mt to form Mt-BH and then Mt-BH was encapsu-
lated into Eudragit microspheres to obtain BMEMs. Interestingly, in vitro release duration of
the prepared BMEMs was extended to 12 hours, which is longer than both of the BH solution
(2.5 hours) and the conventional BH microspheres (5 hours). Moreover, BMEM exhibited lower
toxicity than that of BH solution as shown by the results of cytotoxicity tests, chorioallantoic
membrane-trypan blue staining, and Draize rabbit eye test. In addition, both in vivo and in
vitro preocular retention capacity study of BMEMs showed a prolonged retention time. The
pharmacodynamics showed that BMEMs could extend the drug duration of action.
Conclusion: The developed BMEMs have the potential to be further applied as ocular drug
delivery systems for the treatment of glaucoma.

Keywords: glaucoma, montmorillonite, controlled release, betaxolol hydrochloride, preocular

retention, microspheres

Introduction

Glaucoma is a slowly progressive atrophy of the optic nerve, characterized by
loss of peripheral visual function and an excavated appearance of the optic disc by
ophthalmoscopy.' It is commonly considered as the second leading cause of blindness
and about 60.5 million individuals have been affected worldwide.? High intraocular
pressure (IOP) is the main risk factor, which leads to the degeneration of axons from
the retinal ganglion cells. Therefore, many kinds of IOP lowering medications are used
to manage the disease symptoms, such as timolol, betaxolol, epinephrine, pilocarpine,
and dorzolamide.> However, effective treatments are often limited owing to poor
bioavailability of topically administered ocular drugs caused by a number of factors,
including rapid tear turnover, transient residence time in the cul-de-sac, and washout
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of tear.** These factors lead to rapid elimination of the drugs
from the precorneal area. Thus, glaucoma therapy is still a sig-
nificant challenge for clinical applications due to the absence
of adequate drug concentration and short residence duration
in the ocular tissues. In order to solve the problem, many sig-
nificant efforts toward advanced ocular drug delivery systems
have been made over the last few decades. Thermosensitive
hydrogels, implants, and particulate carrier systems have been
investigated to sustain the release of drug, prolong retention
time on the ocular surface, and improve bioavailability.®’
Among these strategies, particulate carrier systems have
gained considerable attention for ocular applications due to
their convenient application of liquid form, prolonged resi-
dence time on the cornea, and low irritability.?
Microspheres, as particulate carrier systems, are promis-
ing drug delivery systems for eye application because of their
properties of easy preparation, wide compatibility, and sus-
tained release.” ' There are several methods that can be used
to form microspheres from polymers, such as spray drying
method, emulsion—solvent evaporation method, and phase
separation method. One of the most common approaches
for the preparation of microparticles for site-specific drug
delivery is based on emulsification solvent evaporation,
including oil-in-water, oil-in-oil (O/0O), and water-in-oil-in-
water. For water-soluble drugs and expensive protein drugs,
O/0 is the most popular method due to its flexibility (easy
to operate), high efficiency (high entrapment rate and drug
loading rate [DL%]), and reduced burst release.'>'” Eudragit
RS and RL polymers are commonly used for the preparation
of controlled-release drug forms due to their positive charge,
which can allow a longer residence time on the corneal sur-
face.'® They are two copolymers synthesized from acrylic and
metacrylic acid esters, containing an amount of quaternary
ammonium groups between 4.5%—6.8% and 8.8%—12% for
RS and RL, respectively.'® Previous studies have demonstrated
that Eudragit has been used as inert carriers to formulate
controlled-release delivery systems of nonsteroidal anti-
inflammatory drugs, such as ibuprofen and flurbiprofen.'*
More recently, many considerable attempts have been
made to improve the preparation method of microspheres.
For example, hybrid materials combining polymers with
inorganic solids were synthesized to obtain a functional
delivery system. Montmorillonite (Mt), as an effective inor-
ganic solid, has been proposed for modulating drug release
properties as in our previous studies, due to its good biocom-
patibility, high adsorption ability, and high cation exchange
capacity (CEC). Previous results indicated that the release
duration and burst release could be effectively improved

by integrating Mt with polymers to form nanocomposites
or microspheres.?' > Meanwhile, Mt is a 2:1 type swelling
phyllosilicate with fine grain and large interlayer-planar
spacing, which can allow cationic drug molecules interca-
lating into this space through ion-exchange method. It was
reported that Mt intercalated with 5-fluorouracial and
ibuprofen effectively improved the sustained release and
loading capacity of drug molecules.?* > Though this improve-
ment is encouraging, there are a few reports that focus on
the anomalous diffusion mechanism of drug release from
these nanocomposites and/or microspheres.?’ Therefore, a
detailed release mechanism is required to interpret the release
process of drug molecules for guiding future research of
microspheres.

Inspired by the advantages of Mt, microspheres, and
Eudragit RS/RL polymers, in this paper, we have made an
effort to integrate Mt with Eudragit microspheres as an ocular
drug carrier. To the best of our knowledge, there is no related
report about Mt/Eudragit microspheres yet, as controlled drug
delivery systems for glaucoma therapy. Herein, betaxolol
hydrochloride (BH), a 3, antagonist for glaucoma therapy,
was investigated as a model drug. Acidification-intercalation
and O/O emulsion—solvent evaporation technique were used
for the preparation of the Mt/BH complex (Mt-BH) and
Mt-BH encapsulated microspheres (BMEMs), respectively.
The structural characteristics of Mt-BH and BMEMs were
measured by Fourier transform infrared spectra (FTIR),
X-ray diffraction (XRD), and scanning electron microscopy
(SEM). The release mechanism of BH from BMEMs was
investigated. The thiazolyl blue method (MTT), chorioal-
lantoic membrane-trypan blue staining (CAM-TBS) assay,
and Draize test were used for determining the irritation of
BMEMs. Moreover, the preocular retention capacity was
investigated by in vivo and in vitro experiments. Finally,
pharmacodynamic observations were conducted to investi-
gate the capacity of reducing intraocular pressure (IOP).

Materials and methods

Materials

Mt with a CEC of 90 mmol-g™' was bought from Zhejiang
Sanding Technology Co, Ltd (Shaoxing, China). BH
was purchased from Hao Industrial (Shandong, China).
Eudragit RS100 and RL100 were purchased from Evonik
Degussa (Germany). 1-(4,5-Dimethylthiazol-2-yl)-3,5-
diphenylformazan (MTT) and all components of buffer
solutions were from Sigma-Aldrich Co (St Louis, MO,
USA). All other chemical reagents used in the study were
of high performance liquid chromatography (HPLC) or
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analytical grade. Human immortalized cornea epithelial cells
(1IHCECs) were kindly provided by Shandong Eye Institute
(Qingdao, China) and the study was approved by the Ethics
Committee of Shandong Eye Institute.

Sample preparation
Preparation of Mt-BH
Mt was activated by 5% H,SO, for 0.5 hours at 70°C.** After
the exchange of interlayer metal ions with H*, Mt was ultrason-
ically treated for 5 minutes to obtain ultrafine montmorillonite
treated with acid (acid-Mt) particles. Then, the acid-Mt was
centrifuged and washed with deionized water until the pH was
equal to 7.0. The solids were dried at 100°C and crushed.
One gram acid-Mt and 3 g BH were added to 1,000 mL
deionized water, and the adsorption process was carried out
in a water bath (50°C) for 6 hours. After washing, centri-
fuging, and drying, solid products of Mt-BH were obtained.
DL% (Q) was determined with HPLC (Agilent 1200; Agilent
Technologies, Santa Clara, CA, USA) using Equation 1:

(G, -O)xV,

0 B % 100% (1)

acid-Mt

where C; and C (mg-mL™") are the BH concentrations
before and after DL into acid-Mt, respectively, M, (mg)
is the mass of acid-Mt, and V,, (mL) is the volume of the
BH solution.

The HPLC conditions were as follows: the BH con-
centration was determined by HPLC. Ultimate® XB-C18
column (Welch, Austin, TX, USA; 4.60x250 mm, 5 pum)
was used. The mobile phase was acetonitrile/trimethylamine
(30/70, v/v) with pH 3.0. The detector wavelength, flow rate,
column temperature, and injection volume were 275 nm,
1 mL-min™!, 25°C, and 20 pL, respectively.

BH

gl

Acid-Mt
Mt-BH

Preparation of BMEMs

BMEMs were prepared by O/O emulsion—solvent evapora-
tion method.*® Briefly, Eudragit RL/RS 100, triethyl citrate,
glycerinum, Tween 80, BH, and Mt-BH were dispersed in
a mixed organic solvent (acetonitrile and dichloromethane
[DCM] with a volume ratio of 4:1) as an internal oil phase.
Span 80 was dispersed in light liquid paraffin as an external
oil phase. The internal oil phase was homogenized at a rate of
10,000 r-min™' for 5 minutes to obtain an ultrafine dispersed
suspension. Afterward, the internal oil phase was added into
the external oil phase drop-by-drop to form a mixed emulsion
(O/0). Atroom temperature (RT), the emulsion was stirred at a
rate of 800 r-min~' for 4-8 hours until the organic solvent com-
pletely evaporated. After washing with n-hexane 7-9 times,
BMEMs were dried with pumping filtration. The preparation
process and construction of BMEMs are shown in Figure 1.

Physicochemical characteristics of BMEMs
Entrapment efficiency (EE%) and DL%

BMEMs (30 mg) were dissolved in 1 mL of DCM with the
help of ultrasonic treatment. BH was extracted by 30 mL of
deionized water through a vortex process. After centrifuging
at 3,000 r-min~' for 10 minutes, the diluted supernatant was
measured by HPLC at 275 nm. EE% and DL% of BMEMs
were calculated using Equations 2 and 3, respectively:

’

m

EE% = —BL x100% )
mBH
ml

DL% = —51x100% 3)
rnBMEM

where m’, is the weight (mg) of BH encapsulated in
BMEMs, m,, is the weight (mg) of initially added BH, and
is the weight (mg) of BMEMs.

1‘nBMEM

BMEM

|
N(CH,),C!
Eudragit RL/RS 100

Figure | A schematic of the preparation process of BMEMs. BMEMs represent Eudragit microspheres incorporated Mt-BH.
Abbreviations: Acid-Mt, montmorillonite treated with acid; BH, betaxolol hydrochloride; BMEM, betaxolol hydrochloride encapsulated microsphere; Mt, montmorillonite;

Mt-BH, betaxolol hydrochloride loaded into montmorillonite.
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Characterization

FTIR was measured by a Vertex-70 FTIR spectrometer
(Bruker Optik GmbH, Ettlingen, Germany) at RT in the
range of 400—4,000 cm™ with a resolution of 4 cm™ and
using 64 scans. XRD patterns were obtained using a Bruker
D8 advance diffractometer (Bruker Optik GmbH) from 2° to
15° with a scanning rate of 2°-min™', by using CuKo. radiation
with a generator voltage of 40 kV and a generator current of
40 mA. The morphology of all samples was determined by
using Hitachi S-3400N SEM (Hitachi Ltd, Tokyo, Japan) at
an accelerating voltage of 20 kV. All samples were dried and
coated with gold before scanning.

In vitro release studies

In vitro drug release experiments were conducted by using
dialysis bag in dialysis medium at 34°C. Exactly 6.7 g NaCl,
2.0 gNaHCO,, 0.06 g CaCl,, and 1.38 g KCI were dissolved
in 1,000 mL deionized water to prepare the dialysis medium
(artificial tears). Briefly, BMEMs (2 mL, 2.8 mg-mL™"), con-
ventional BH microspheres (2 mL, 2.8 mg-mL™!, absence of
Mt), and BH solution (2 mL, 2.8 mg-mL™") were enclosed
in the dialysis bag and then put into 35 mL artificial tears.
At designated time intervals, 5 mL of the sample was with-
drawn from the bag and immediately replaced with the same
volume of fresh artificial tears. The amount of drug released
was determined by HPLC. The release behavior and mecha-
nism of drug from BMEMs were analyzed.

Cytotoxicity test

To assess the cytotoxicity of BMEMs, iHCECs were used in
the present study. The cells were grown in DMEM/F-12 along
with 10% (v/v) fetal bovine serum, 0.1 mg-mL™" streptomycin,
and 1,000 IU-mL"" penicillin under 5% CO, at 37°C (series I1
water jacket).! When cells achieved >80% confluence, they
were exposed to formulations along with media. Different
concentrations and durations of the formulations were evalu-
ated by MTT assay. The experiment was performed in four
groups: G = control group, G,= BH solution group, G,= blank-
BMEM group, and G,= BMEM group. Each test group had
six different concentrations (0.28, 0.56, 0.84, 1.40, 2.24, and
2.8 mg-mL™"). After exposure to formulations for 120 minutes,
the medium was removed and the cell was carefully rinsed
with phosphate-buffered saline. Then, 5 mg-mL~! MTT
was added to each well and further incubated for 4 hours.
Finally, the resulting formazan crystals were dissolved by
dimethyl sulfoxide and measured by a spectrophotometer at
490 nm. Cell viability was calculated using Equation 4:

’

Cell viability% = i x100% 4)

0

where A’ and A, are the absorbance of the test and control
groups, respectively.

CAM-TBS test

An alternative for the Draize rabbit eye test is the CAM-TBS
test, which is an inexpensive and sensitive assay established
for ophthalmic irritancy; it has shown good correlation to
in vivo irritation studies.*? Briefly, fertilized hen’s eggs were
incubated in the horizontal position to ensure correct posi-
tioning of the embryo (away from the CAM) at 37°C+0.5°C
and 40%15% relative humidity for 9 days.** On the 10th day,
the section of egg shell above the airspace was removed
and several drops of saline solution were added onto the
shell membrane with a pipette. Then, the inner membrane
was carefully removed to expose the CAM without damag-
ing the underlying CAM. BMEMs (300 pL, 2.8 mg-mL™),
blank-BMEMs (300 uL, BMEMs without BH loaded), and
BH solution (300 puL, 2.8 mg-mL™") were gently pipetted
onto the CAM for 5 minutes, respectively. The samples were
immediately washed by normal saline and 0.5 mL trypan
blue solution (1 mg-mL") was added on the CAM to stain
for 1 minute. Finally, the dyed CAM was excised and the
adsorbed trypan blue was extracted with 1 mL of formamide
for 24 hours; the extract was measured spectrophotometri-
cally at 611 nm in quintuplicate. NaOH (0.1 M) was used
as a positive control and normal saline as a negative control.
Any irritant reaction during the course of the experiments
should be carefully observed, such as hyperemia, hemor-
rhage, clotting, and/or coagulation.

In vitro preocular retention

In this study, iHCECs were used to investigate the precorneal
retention of BMEMs. As shown in Figure 2, after iHCECs
became confluent, inert permeable polycarbonate inserts were
lifted to the air—liquid interface to have a varying period of

Flow out - Flow in

— Thermostat bath

Peristaltic pump

Peristaltic pump

Figure 2 Schematic diagram of the in vitro tear turnover apparatus. The model
incorporates an insert containing iHCECs as turnover chamber; the external basal
side of the insert is sealed to avoid down diffusion of material. The temperature of
the system is 34°C (the human tear film temperature). Two peristaltic pumps were
used to control the inflow and outflow of simulated tears in the chamber.
Abbreviation: iHCECs, human immortalized cornea epithelial cells.
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submerged cultivation (so-called reconstituted multilayer
human corneal epithelia). The construct then appeared as a
multilayered epithelium, which was histologically similar to
that of the normal human corneal epithelium.* Then, the insert
was placed in a thermostat bath at 34°C (the temperature of the
human tear film). The experiment was performed by transfer-
ring 30 UL of sample (2.8 mg-mL™") in the turnover chamber
prefilled with 270 UL of simulated tear fluid, and the inflow and
outflow of tears in the chamber were controlled by a peristaltic
pump at the same speed (20 uL-min™"). The above in vitro tear
turnover model was used to simulate the drug concentration
dynamics in the tear film. Finally, 200 UL of solution was
collected every 10 minutes, and the precorneal retention time
was determined by HPLC-fluorescence detection.

In vivo test

Draize test

Rabbits were provided by the animal center of Guangdong
Pharmaceutical University with a weight of 2.5-3.0 kg and
without eye disease. They were housed in standard cages in
a light-controlled room at 19°Cx1°C, with food and water.
All the animals were treated according to the Association
for Research in Vision and Ophthalmology resolution for
the use of animals in research and were approved for use
by the Central Animal Ethical Committee of Guangdong
Pharmaceutical University (approval number of the animal
experiment protocols is gdpulac2017014). Both eyes were
carefully checked before the experiments to ensure that they
were without any defects.

The Draize test was used to evaluate the ocular irritation
of normal saline, BH solution (2.8 mg-mL™"), blank-BMEMs,
and BMEMs (2.8 mg-mL™") by observing any signs of
opacity, redness, inflammation, or increased tear production
after application to the eyes of Albino rabbits. The single
high-dosage ocular irritation test was conducted as follows.
The left eyes of every group were treated with saline solu-
tion (1 mL) as control and the right eyes were subjected to
a high dose of sample (1 mL) as the test group. The ocular
tissue (cornea, iris, and conjunctiva) was examined at 1, 2, 4,
24,48, and 72 hours after administration. The irritation was
evaluated by “Draize eye test guideline.” In the multiple
dosing ocular irritation tests, the left eyes of every group
were treated with saline solution as control and the right
eyes were subjected to 50 UL of the sample (2.8 mg-mL™)
twice a day for 7 days. After the irritation test, these rabbits
were sacrificed by intravenous injection of air. Then, the
eyeballs were excised for observation of cornea tissues’
morphology: cornea tissue treated with 10% formalin for
24 hours, embedded in paraffin, making a pathological

section, stained with hematoxylin and eosin, and observed
by a light microscope.>

In vivo preocular retention

The ability of precorneal retention was evaluated by tears
elimination. The animals used for the experiments were New
Zealand White rabbits. Rabbits, in spite of having a nictitat-
ing membrane and very low blinking frequency, are generally
considered as the reference animal for ocular experiments due
to several similarities between the anatomy of the rabbit and the
human eye.’! Briefly, the rabbits were given an instillation of
100 uL of formulations (2.8 mg-mL™") in the lower conjunctival
sac of each cornea and kept the eyelids closed for 5 seconds
to prevent loss of the instilled solution. After drug instillation,
tear samples were collected by using 8x8 mm filter paper at 10,
30, 60, 90, 120, 180, and 240 minutes. The filter paper with
tear was stored in microcentrifuge tubes and the weight of the
collected tear was recorded. Then, the collected sample was
dried by nitrogen flow and 200 puL of methanol solvent was
added to dissolve it. Finally, the samples were centrifuged for
30 minutes. Quantitation was performed by HPLC assays.

Pharmacodynamics

After 1 week of adaptation in the facilities, the eyes of all
animals were examined with a slit lamp to exclude any
disease that could interfere with the experimental results.
IOP (mmHg) was measured using an indentation tonometer
(YZ7A; Suzhou Visual Technology Co, Ltd, Suzhou, China).
The high-IOP model rabbits were induced by gavage with
high dose of saline.’” The right eye conjunctival sac of the
high-IOP model rabbit was administered 100 WL of sample
(2.8 mg-mL™") and the left eye was treated with physiological
saline as the control group. After the application of samples,
IOP determination was carried out at 0, 15, 30, 45, 60, 90,
120, 180, 240, 300, and 360 minutes. All the measurements
were done six times at each interval by the same operator
under the same environmental conditions.

Statistical analysis

Statistical analysis of the results was performed using one-
way analysis of variances, referring to a level of p<<0.05. The
analysis was computed using Origin 8 software (OriginLab
company, Hampton, MA, USA).

Results and discussion

Preparation

Acidification and DL of Mt

After acid treatment, the interlayer cation of Mt was replaced
by H*. This process resulted in an increased layer spacing and
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Figure 3 The FTIR spectrum of (a) BH, (b) acid-Mt, (c) Mt-BH, (d) BMEM, (e) Eudragit RL100, and (f) Eudragit RS100.
Abbreviations: Acid-Mt, montmorillonite treated with acid; BH, betaxolol hydrochloride; BMEM, betaxolol hydrochloride encapsulated microsphere; FTIR, Fourier
transform infrared; Mt, montmorillonite; Mt-BH, betaxolol hydrochloride loaded into montmorillonite.

CEC of the products. In this study, the effect of concentra-
tion of sulfuric acid (V/V), solid-to-liquid ratio (mg/mL),
treatment temperature, and time were investigated on the
structural properties and on the BH intercalation feature
of Mt. Optimal acid treatment of Mt was done by using a
solid-to-liquid ratio of 1:10 (Mt:5% sulfuric acid, mg/V) at
70°C for 0.5 hours. The optimal intercalation of acid-Mt
with BH was as follows: a mass ratio of 1:3 (acid-Mt:BH)
was dissolved in deionized water and heated at 50°C for
intercalation of BH into acid-Mt. The result showed that
maximum loading rates of Mt increased from 153.6£7.6 to
474.5245.4 mg-g' (n=>5) after acid treatment. This increase
in DL after acid treatment can be attributed to both the
increased basal spacing and increased ion-exchange reac-
tion.*® This is in good agreement with the result of XRD and
FTIR (Figures 3 and 4).

Preparation of BMEMs

There are many factors that influenced the structure and
property of BMEMs, including starting materials, reactants
ratio, and temperature. For example, Eudragit RS100, as
a microsphere skeleton material, possesses a typical low
burst effect, while the hypertonicity of Eudragit RL100
contributes to the complete release of drug. Therefore, the
combination of Eudragit RS100 with Eudragit RL100 has
generated a great deal of interest to obtain microspheres,
possessing a structure with low burst effect and complete
release feature.?**! In this study, the Mt-BH:Eudragit RL/RS
100 ratios in the range of 1:4 to 1:8 contributed to the
spherical morphology of the particles with fine size and high
encapsulation efficiency (>80%). Temperature was another

important parameter, which affected mainly the emulsifica-
tion and evaporation process. Emulsification with an ice bath
led to well-distributed droplets which were beneficial to form
uniform microspheres with a significantly lower burst effect
and improved sustained release. Furthermore, the evapora-
tion temperature also showed a great effect on the EE%
and DL% of microspheres. The EE% and DL% values of
microspheres evaporated at the ice bath, RT and 30°C—40°C
were 06.26%, 90.1%, 74.5%, and 7.62%, 10.82%, 8.94%,
respectively. Hence, the ice bath and RT were chosen for the
emulsification reaction and evaporation of organic solvent,

respectively.
£
8la
20
[ b A ]
g.\\“xnf;at:ffffd=“79”m
Tl » 6.16°, d=1.43 nm

d

T T T T T T T T - T T T
2 4 6 8 10 12 14

26 (°)

Figure 4 The XRD patterns of (a) BH, (b) Mt-BH, (c) acid-Mt, and (d) BMEM.
Abbreviations: Acid-Mt, montmorillonite treated with acid; Mt, montmorillonite;
BH, betaxolol hydrochloride; Mt-BH, betaxolol hydrochloride loaded into
montmorillonite; BMEM, betaxolol hydrochloride encapsulated microsphere; XRD,
X-ray diffraction.
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The EE% and DL% of BMEMs were 94.35%%1.01% and
14.31%%0.47% (n=5), respectively, which indicated that the
method was reproducible and stable. Mt-BH could serve as
a co-emulsifier in the preparation process, which increased
the stability of the emulsions and showed little effect on
EE% and DL%.*

FTIR, XRD, and SEM studies of samples

The FTIR spectrum of BH (Figure 3a) showed character-
istic absorptions at 3,280, 3,000-2,800, and 1,512 cm™,
corresponding to the —OH stretching, alkyl chain C—H
stretching, and aromatic ring C—H deformation vibrations,
respectively. The infrared spectrum of acid-Mt (Figure 3b)
showed absorptions at 3,420, 1,080, and 1,037 cm™! due to
the —OH stretching of adsorbed water, Si—O out-of-plane,
and in-plane stretching vibrations of Mt, respectively.”
After the loading of BH, the products showed a group of
new absorptions at 3,000-2,800 and 1,512 cm™ (Figure 3c),
which were attributed to the alkyl chain C—H stretching and
aromatic ring C—H deformation vibrations, respectively.
Compared with the absorption bands of BH, the absorption
bands of BH from Mt-BH showed small band shifts and
intensity reductions (or disappeared) in the wavenumber
region of 3,280-2,800 cm™!. These changes suggested that
intercalation of BH into Mt was successful and both physi-
cal and chemical interactions existed between loaded BH
and acid-Mt. The FTIR spectra of Eudragit RL/RS 100 are
showed in Figure 3e and f. The peak at 2,950-3,000, 1,375,
1,735, and 3,440 cm™ can be assigned to O-H, -CH,, C=0,

and free OH stretching, respectively. This indicates a typical
vibration mode of Eudragit RL/RS 100. For the FTIR of
BMEMs, all the characteristic bands of acid-Mt cannot be
distinguished in the spectrum of BMEMs, including the
surface-OH stretching of acid-Mt at 3,629 cm™!, water
bending at 1,612 cm™, and Si—O related stretching at
1,100 cm™'. Meanwhile, some peaks appeared at 3,440 cm™
(free OH), 2,950-3,000 cm™ (O-H), 1,375 cm™ (-CH,),
and 1,735 cm™ (C=0), which confirmed the formation of
BMEMs from Eudragit RL/RS 100.

As shown in the XRD patterns (Figure 4), the XRD peaks
for the BH pure powder are relatively sharp, which showed
that BH was in its perfect crystalline form. Reflections for
the (001) plane of acid-Mt and Mt-BH were observed at
20=6.2° and 4.9°, respectively. The calculated d, values
of'acid-Mt and Mt-BH were 1.43 and 1.79 nm, respectively.
The increase in d value resulted from the intercalation of
BH into the interlayer space of Mt. Furthermore, the XRD
results (Figure 4) showed that the characteristic reflections
of acid-Mt and Mt-BH disappeared as shown in the BMEM
pattern. All the above-mentioned changes implied that
Mt-BH was successfully encapsulated into the microspheres
and BMEM was successfully formed.

Both SEM images of Mt and acid-Mt showed irregu-
lar layer particles and randomly orientated aggregations
(Figure 5A and B), which are characteristic morphologies
of natural clays and acid-treated clays.** Intercalation of
BH apparently led to a smoother surface of the particles as
observed from Mt-BH (Figure 5C). Both conventional BH

Figure 5 The SEM images of (A) raw Mt, (B) acid-Mt, (C) Mt-BH, (D) conventional microsphere, and (E) BMEM.
Abbreviations: Acid-Mt, montmorillonite treated with acid; BMEM, betaxolol hydrochloride encapsulated microsphere; Mt, montmorillonite; Mt-BH, betaxolol hydrochloride

loaded into montmorillonite; SEM, scanning electron microscopy.
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microspheres (absence of Mt) and BMEMs showed spherical
morphologies (Figure 5D and E), and the latter was relatively
rough in surface, due to the encapsulation of Mt-BH.

In vitro release studies

The burst release would cause many adverse reactions due
to the sharp increase of drug concentration. As shown in
Figure 6a, the BH solution exhibited a rapid release in arti-
ficial tears (over 90% in the initial 1 hour and almost 100%
within 2.5 hours). Conventional BH microspheres (absence of
Mt) could reduce such a burst at limited extent and prolong the
release duration to 5 hours (Figure 6b). As for BMEMs, the
release duration can be extended to 12 hours. And the whole
release process included four stages (Figure 6¢). For the
first stage, BH absorbed on the surface of microspheres was
released (Figures 6¢-1 and 7). Second, the BH encapsulated in

the microsphere matrix but not intercalated into the Mt layer
was released (Figures 6¢-2 and 7). Third, the BH intercalated
into the Mt layer was released into the inner region of the
microsphere matrix (Figures 6¢-3 and 7). Fourth, BH from
the microspheres was released into the medium (Figures 6¢-4
and 7). At the first burst process, the drug released sharply
from the surface of BMEMs with an initial release rate of
37.58% (2.5 hours) and from conventional microspheres at
arate of 46.14% at 2.5 hours, which is potentially beneficial
to producing a therapeutic concentration.** The significant
induction of the initial release rate can be attributed to
relatively more drug molecules being encapsulated into the
microsphere than conventional microspheres. Also, only a
few drugs were adsorbed to the surface of the microsphere,
so the proportion of the release of the drug at the first burst
process was low. For conventional microspheres (Figure 6b),
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Figure 6 In vitro dialysis release study of BH from formulations: (a) BH solution, (b) conventional BH microsphere, and (c) BMEM. The cumulative drug release (%) is
plotted against time (h). Values are presented as the mean * SD (n=5). SEM micrographs of BMEM: (A) microsphere before release process and (B) microsphere after

release process.

Abbreviations: BH, betaxolol hydrochloride; BMEM, betaxolol hydrochloride encapsulated microsphere; SEM, scanning electron microscopy.
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to the inner of

Figure 7 In vitro release processes of BMEM. The whole release of BMEM could be divided into 4 stages, including the release of BH (1) absorbed on the surface of the
microsphere, (2) encapsulated in the microsphere matrix but not intercalated into the Mt layer, (3) absorbed on the surface of Mt, and (4) intercalated in Mt.
Abbreviations: BH, betaxolol hydrochloride; BMEM, betaxolol hydrochloride encapsulated microsphere; Mt, montmorillonite.

the drug was completely released from the conventional
microspheres within 5 hours, while that of BMEMs was
nearly 76% at 5 hours. Besides, BMEMs also exhibited a
unique drug release process in the duration of 5-9 hours
with a cumulative release of 98.8% at 12 hours, due to the
characteristics of high ion exchange of Mt in the drug release
process. Therefore, BH release from BMEMs was signifi-
cantly prolonged after encapsulation of Mt-BH. The drug
release process showed that the in vitro drug release profile
of BMEMs was consistent with first-order kinetics (Log
(100-Y) =2.071-0.134t, =0.9915). This indicated that the
BH release from BMEMs was controlled by diffusion.

In addition, Figure 6A and B shows the morphology of
BMEMs after release duration. It is clearly seen that the
general morphology of BMEMs after release duration had
no significant difference with that of before release duration.
Interestingly, some of the holes on the surface of BMEMs
were clearly seen in Figure 6B. It could be predicted that the
medicine molecules released slowly from BMEMSs through
diffusion from those holes without dissolution and/or deg-
radation of microspheres.

Cytotoxicity study

It is well known that a promising microparticle system used
for ocular purposes must demonstrate ocular tolerability.
In this study, ocular irritation of the developed formulation
was directly measured using the MTT test to evaluate the
cytotoxicity on iHCECs. MTT can be oxidized by the mito-
chondrial dehydrogenase in living cells to obtain a dark blue
formazan product. The cell survival rate was <50%, which
indicates that mitochondrial activity was reduced.*’ iHCECs
were exposed to BH solution, blank-BMEMs, and BMEMs at
different concentrations for 120 minutes (Figure 8). In three
formulations, the cell viability decreased with increase of

drug concentration. For BH solution, the cell viability was
above 60% when the drug concentration was <0.84 mg-mL™".
However, when the drug concentration was >1.4 mg-mL",
the cell survival rate fell to <5%, which showed that BH
had a toxic effect on iHCECs in higher concentration levels.
In comparison with the BH solution, for the cell viability of
iHCECs treated with blank-BMEMs and BMEMs at low
level (<0.84 mg-mL™), the cell survival rate was very high,
but at high values (>1.4 mg-mL™"), the cell survival rates of
blank-BMEMs and BMEMs were significantly higher than
that of the BH solution. Meanwhile, it could be found that
the cell viability of iHCEC cells treated with blank-BMEMs
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Figure 8 Cell viability (%) of iHCECs determined by MTT assay after exposing
them to different concentrations (0.28, 0.56, 0.84, 1.40, 2.24, and 2.8 mg-mL™') of
BH solution, blank-BMEM, and BMEM for 120 minutes.

Abbreviations: BH, betaxolol hydrochloride; BMEM, betaxolol hydrochloride
encapsulated microsphere; iHCECs, human immortalized cornea epithelial cells.
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was higher than BMEMs at the same amounts. This may be
explained by the fact that microspheres could protect the
cells from damage by BH (raw drug). Each sample of cyto-
toxicity was in such a sequence: BH solution > BMEMs >
blank-BMEMs. From these results, it is clearly obvious that
BMEMs could effectively maintain superior cell viability
within an appropriate range.

CAM-TBS

CAM-TBS test is an alternative toxicological method widely
used to determine ocular irritation potential.*! The CAM is a
highly vascular embryonic membrane and stratified tissue,
which can respond to injury in a similar manner as mucosal
and subcutaneous tissue. It might provide very useful
information for predicting the potential eye irritation caused
by a substance. The irritant effect of these substances is
determined by the amount of trypan blue absorption of CAM.
It is very simple and reproducible, as well as quantitative.*
Figure 9 shows the trypan blue absorption onto the CAM
after exposure to BMEMs, BH solution, blank-BMEMs,
saline solution, and NaOH. It is clear that each sample fol-
lowed this sequence for cytotoxicity: NaOH > BH solution >
BMEMSs > blank-BMEMSs > saline solution. These results
revealed that BMEMSs had less irritation for ocular drug
delivery compared with BH solution.

In vitro preocular retention

Cell culture models of ocular barriers offer the advantage
of highly defined, compliant systems to investigate drug
behavior, bio-adhesion characteristics, and pharmacokinetic
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Blank-
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BMEM NaOH

Figure 9 Eye irritancy induced by different concentrations of BH solution, blank-
BMEM, and BMEM determined by the in vitro CAM-TBS method. NaOH was used
as a positive control and normal saline as a negative control. Values are presented
as the mean + SD (n=5).

Abbreviations: BH, betaxolol hydrochloride; BMEM, betaxolol hydrochloride
encapsulated microsphere; CAM, chorioallantoic membrane; TBS, trypan blue
staining.

properties of medicine preparation. The experimental
parameters and conditions can be easily adjusted accord-
ing to our requirements, and cultured human cells have
good correlations with in vivo behavior to some extent,
thereby avoiding species difference and the use of animal
tissue. Histologically, cell culture models of ocular barriers
resemble the normal human corneal epithelium, which can
provide powerful systems to investigate the residence of
a drug in the precorneal area. The concentration of BH in
cornea/tear film compartment as a function of time was
monitored after administration of BH solution and BMEMs
(Figure 10). For the BH solution, the BH concentration in
tears rapidly fell from about 65.45 down to 6.33 pg-mL™
only within 40 minutes. Although the C__ of BH solution
was significantly higher than BMEMs, it could remain in the
precorneal position for a short time, only just 80 minutes.
BMEMs decreased from about 50.25 down to 9.33 ug-mL™!
during the period of 50 minutes (which is 1.5-fold compared
to the BH solution at 50 minutes). Meanwhile, BMEMs
could still be detected at 120 minutes, which may explain
the sustained release of BMEMs. These results revealed
that BH could release from BMEMs slowly over time and
maintained a certain BH concentration in tear fluid for a
prolonged period of time.

In vivo test

Draize test

Eye safety is of crucial importance to be evaluated to avoid
damage to the ocular tissues due to the sensitive nature of the
eye. The experiment was implemented by using rabbits as a

—a— BMEM
—ea— BH solution

C (ng-mL™)

0 10 20 30 40 50 60 70 80 90 100 110 120 13
T (min)

Figure 10 Concentration—-time curve in the cornea/tear film compartment after
the instillation of BH solution (2.8 mg:-mL™") and BMEM (2.8 mg:-mL™'). Values are
presented as the mean £ SD (n=5).

Abbreviations: BH, betaxolol hydrochloride; BMEM, betaxolol hydrochloride
encapsulated microsphere.

submit your manuscript

424

Dove

International Journal of Nanomedicine 2018:13


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dovepress

Glaucoma therapy using montmorillonite/Eudragit microspheres

Table | Draize test scores after single and multiple dose formulations: saline, BH solution, blank-BMEMs, and BMEMs (n=>5)

Symptom Normal saline Blank-BMEM BMEM BH solution Normal
Single Multiple Single Multiple Single Multiple Single Multiple

Cornea 0 0 0 0 0 0 0 0 0

Iris 0 0 0 0 0 0 0 0.3 0
Conjunctiva congestion | 0.8 0 0.2 | | | | 0.2
Conjunctive edema 0 0 0 0 0 0 0 0.3 0
Secretions 0 0 0 0 0 0 0 0.3 0

Score | 0.8 0 0.2 | | | 2 0.2

Abbreviations: BH, betaxolol hydrochloride; BMEM, betaxolol hydrochloride encapsulated microsphere.

model due to their large eyes with well-described anatomy
and physiology. However, the eyes of rabbits are generally
more sensitive to irritating materials than the humans’ eyes.*
From the results of Draize study (Table 1), it was found that
all groups appeared to have a slight congestion status in con-
junctiva including the normal saline group (control group),
which might be attributed to the high sensitivity to external
structure materials. However, the Draize test revealed that the
total score for all the rabbits were less than all three scores,
which indicated that all samples had no significant damage
to ocular tissues. Furthermore, cornea histological experi-
ment was carried out for a more accurate evaluation of the
safety of BMEMSs on the eye. The histological analysis of
corneal sections after the high-dose irritation test are shown in
Figure 11. The normal cornea tissue showed a smooth surface
and a clear organizational structure of layers (Figure 11A).
Corneal tissue had no obvious pathological changes after
administration of normal saline (Figure 11B). However,
after treatment with BH solution, the corneal epithelial cells
showed mild edema with some abnormal cells (Figure 11C).
As shown in Figure 11D and E, the corneal epithelial cells
exhibited a handful of edema cells after the multiple dosing

of BMEMs and blank-BMEMs. Figure 11F and G showed
no significant pathological changes after administration of a
single dose of BMEMs and blank-BMEMs. The histological
analysis demonstrated that BMEMs had very little irritation
for the cornea, which was consistent with the results of the
cytotoxicity study and CAM-TBS. Based on these findings,
it was confirmed that BMEMs were safer and less toxic to
the eye than BH solution for ophthalmic administration.

In vivo preocular retention

It was estimated that about 80% of the topically adminis-
tered eye drops were drained through the nasolacrimal duct,
with high tear fluid turnover, and systemically absorbed.*®
Only <5% of the applied drug could penetrate the cornea
and reach the intraocular tissues, resulting in low ocular
bioavailability. The precorneal retention time is shown after
the application of BH solution and BMEMs (Figure 12).
It is obvious that the BH solution was quickly removed by
tear fluid turnover, and the concentration of the BH solu-
tion was only 478.44 pug-mL™! after the administration of
10 minutes, which can explain the low viscosity of the aque-
ous solution and strong stimulation. It is worth noting that

Figure 11 Cornea histopathology analysis after the high-dose irritation test by microscopy. (A) Normal cornea, (B) saline, (C) BH solution, (D) a single high dose of blank-
BMEM, (E) a single high dose of BMEM, (F) multiple dose of blank-BMEM, and (G) multiple dose of BMEM.
Abbreviations: BH, betaxolol hydrochloride; BMEM, betaxolol hydrochloride encapsulated microsphere.
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Figure 12 The tear fluid concentration—time curve after topical application of BH
solution (2.8 mg:mL™") and BMEM (2.8 mg-mL™") in rabbit eyes. Values are presented
as the mean + SD (n=5).

Abbreviations: BH, betaxolol hydrochloride; BMEM, betaxolol hydrochloride
encapsulated microsphere.

the drug concentration of BH solution cannot be observed
after 90 minutes, since it was below the detection limit of
HPLC. BMEMs could still maintain drug concentration
after >240 minutes. BMEM was composed of polyacrylic
acid, which was a mucoadhesive polymer. These mucoadhe-
sive polymers could interact with the precorneal mucin layer
via noncovalent bonds. Thus, it could increase the residence
time of the drug on the ocular surface, decrease drug loss,
and eventually improve bioavailability. These results illus-
trated that BMEMs could be of value as a vehicle for ocular
applications due to the reduction of precorneal loss caused
by drainage and high tear fluid turnover.

Pharmacodynamics

As shown in Figure 13, two formulations could significantly
reduce the high IOP to some extent. BH solution attained
the maximum effect (5.04 mmHg) of lowering IOP after
administration for 30 minutes and the IOP significantly
declined after administration for 60 minutes. BMEMs have
a sustained IOP-lowering effect and attained the maximum
effect (4.89 mmHg) of lowering IOP after 120-minute
administration. In comparison with the BH solution, BMEMs
could maintain a longer effect of lowering IOP than that of
the BH solution. This could be because BMEMs could stay
on the preocular surface to some extent and simultaneously
release the drug in a sustained manner. Therefore, the IOP-
lowering effect was continuous, steady, and would avoid
many side effects caused the sharp reduction of IOP.4
These results suggested that BMEMs had a sustained IOP-
lowering effect.
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Figure 13 Effect on IOP changes induced by a single topical instillation of BMEM

(2.8 mg:-mL™") in rabbit eyes in comparison with BH solution (2.8 mg-mL™"'). Values

are presented as the mean £ SD (n=6).

Abbreviations: BH, betaxolol hydrochloride; BMEM, betaxolol hydrochloride
encapsulated microsphere; IOP, intraocular pressure.

Conclusion

A new controlled drug delivery carrier (BMEM) for glau-
coma therapy was successfully prepared by a combination
of acidification-intercalation and O/O emulsion—solvent
evaporation method. This carrier was composed of bio-
adhesive materials and demonstrated the ion-exchange
ability of Mt. With the acid treatment, the Q of Mt was sig-
nificantly increased from 153.617.6 to 474.52+5.4 mg-g™".
Both FTIR and XRD measurements proved that BH was
successfully intercalated into acid-Mt. SEM images showed
that BMEMSs were rougher and slightly larger than conven-
tional BH microspheres, due to the encapsulation of Mt-BH.
BMEMs exhibited the longest sustained release duration
(12 hours) in comparison with the BH solution (2.5 hours)
and conventional BH microspheres (5 hours), since the
incorporation of Mt-BH has prolonged the release time
of BH by ion exchange. We hypothesized that the in vitro
release process may have four stages (last for 12 hours) that
caused the BH to be slowly released. The MTT test, CAM-
TBS, and Draize test have shown higher security than BH
solution. In vitro and in vivo precorneal retention have also
shown that BMEMs have a prolonged retention time because
BMEMs have intimate contact with the epithelial mucosal
surface of the eye to prevent tear washout. It is noteworthy
that BMEMSs present a strong effect on reducing the high
IOP. Taken together, BMEMs presented extended release,
prolonged precorneal retention time, and better tolerability
at the corneal site, which would have potential applications
in glaucoma treatment.
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