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ABSTRACT
In the present study, we describe the development of betaxolol hydrochloride and montmorillonite
with ion exchange in a single formulation to create a novel micro-interactive dual-functioning sus-
tained-release delivery system (MIDFDS) for the treatment of glaucoma. Betaxolol hydrochloride mol-
ecule was loaded onto the montmorillonite by ion exchange and MIDFDS formation was confirmed by
XPS data. MIDFDS showed similar physicochemical properties to those of Betoptic, such as particle
size, pH, osmotic pressure, and rheological properties. Nevertheless, the microdialysis and intraocular
pressure test revealed better in vivo performance of MIDFDS, such as pharmacokinetics and pharmaco-
dynamics. With regards to wettability, MIDFDS had a larger contact angle (54.66± 5.35�) than Betoptic
(36.68±1.77�), enabling the MIDFDS (2.93 s) to spread slower on the cornea than Betoptic (2.50 s).
Moderate spreading behavior and oppositely charged electrostatic micro-interactions had a compre-
hensive influence on micro-interactions with the tear film residue, resulting in a longer precorneal
retention time. Furthermore, MIDFDS had a significant sustained-release effect, with complete release
near the cornea. The dual-functioning sustained-release carrier together with prolonged pre-corneal
retention time (80min) provided sufficiently high drug concentrations in the aqueous humor to
achieve a more stable and long-term IOP reduction for 10 h. In addition, cytotoxicity and hemolysis
tests showed that MIDFDS had better biocompatibility than Betoptic. The dual-functioning micro-
spheres presented in this study provide the possibility for improved compliance due to low cytotox-
icity and hemolysis, which suggests promising clinical implications.

ARTICLE HISTORY
Received 14 July 2021
Revised 26 August 2021
Accepted 30 August 2021

KEYWORDS
Glaucoma; montmorillonite;
Eudragit; microsphere;
contact angle

1. Introduction

Glaucoma, a multifactorial neurodegenerative disease charac-
terized by retinal ganglion cell (RGC) death and degeneration
of nerve axons (Delplace et al., 2015), is one of the leading
causes of irreversible blindness worldwide (Kumarasamy et
al., 2006; Arranz-Romera et al., 2019). Intraocular pressure
(IOP) is the main clinically modifiable risk factor (Tham et al.,
2014; Actis et al., 2016; O’Callaghan et al., 2017) and is often
regulated by reducing humor aqueous production or increas-
ing outflow (Geyer & Levo, 2020). The current methods used
to treat glaucoma are mainly drug therapy, laser therapy,
and clinical surgery (Cohen et al., 2014), among which medi-
cation is the first choice (Geyer et al., 1995; Ameeduzzafar et
al., 2018). For ocular diseases, systemic administration is usu-
ally ineffective due to the presence of the blood-ocular bar-
rier (Amo & Urtti, 2008). Therefore, topical drug delivery is
considered the most appropriate treatment (Geyer et al.,

1995). Although the eye is very vulnerable to external inva-
sive materials, it is a fairly isolated organ with several bar-
riers, such as the tear film barrier, nodes and desmosomes of
corneal epithelial cells, iris barrier, blood-aqueous barrier,
and blood-retinal barrier (Gaudana et al., 2010), as well as
elimination mechanisms (e.g. tear drainage, rapid tear turn-
over, and reflex blinking) (Ameeduzzafar et al., 2014). These
barriers can protect it against external invasion on the one
hand (Jung & Chauhan, 2012; Xu et al., 2018; Liu et al.,
2019), but they result in a low bioavailability of eye drops on
the other hand (Rupenthal, 2017; Khan et al., 2018). The
main obstacle to ocular administration is the corneal epithe-
lium (Mannermaa et al., 2006) and the relative impermeabil-
ity of the drug to the corneal epithelial membrane
(Ameeduzzafar et al., 2016). The corneal epithelium, compris-
ing non-keratinized stratified squamous cells, is �50 mm thick
(Ehlers et al., 2010). It generally comprises of 5-6 layers of
regularly arranged cells, including basal columnar cells in the
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deep layer, polyhedral cells in the intermediate layer of poly-
hedral cells, and squamous and polygonal-shaped cells in
the surface layer (Kaur & Smitha, 2002; Jia et al., 2016). The
cells are intertwined with desmosomes, band-like tight junc-
tions, and gap junctions (Meek & Knupp, 2015), which act as
a barrier to prevent the entry of materials into epithelial cell
gaps and deeper tissues and inhibit their passage through
the epithelium (Gaudana et al., 2010).

Medications to reduce IOP generally include carbonic
anhydrase inhibitors, b-blockers, sympathomimetic drugs,
and prostaglandin analogs (Pfeiffer et al., 2013; Cohen et al.,
2014). Betaxolol hydrochloride (BH), an epinephrine receptor
antagonist (Franc, 1987), and a retinal neuroprotectant com-
monly applied in glaucoma treatments (Osborne et al., 1997;
Melena et al., 2000), is typically chosen as a model drug. BH
can inhibit the formation of aqueous humor, dilate blood
vessels, lower IOP, and improve blood circulation in the ret-
inal optic nerve papilla (Buckley et al., 1990).

Montmorillonite (Mt) is a widely available and inexpensive
layered silicate composed of tetrahedral silicon and octahe-
dral aluminum sheets (Radmanesh et al., 2019; Xu et al.,
2020). Due to its properties, such as a high surface area, two-
dimensional structure, and negative charge (Dardir et al.,
2018), Mt is often used in combination with polymers to cre-
ate nanocomposites with improved properties (Rhee et al.,
2005). BH can not only be adsorbed on the surface of Mt but
also be exchanged with intercalated Naþ to generate Mt-
drug complex (Mt-BH) carriers (Zhao et al., 2019). Eudragit
polymers are a type of ammonium methacrylate copolymer
with permeabilities and release parameters that can be con-
veniently adjusted by changing the proportions of the
Eudragit RS/RL mixtures (Singh et al., 2011; Saharan et
al., 2019).

To reduce the frequency of administration and maintain
an effective drug concentration at the target site for a longer
period of time, cationic BH drug molecules were embedded
in negatively charged montmorillonite by an ion-exchange
reaction and then encapsulated with the skeleton materials
Eudragit RS and Eudragit RL to prepare MIDFDS (Tian et al.,
2018). In tear film, the hydrophilic glycocalyx of mucin forms
a hydrogel network, and the sialic acid (pKa ¼ 2.6) and sul-
fonic acid residues in mucin are negatively charged (Gipson
& Arg€ueso, 2003; Ablamowicz & Nichols, 2016), thus forming
a polyacrylic material. A polyacrylic resin material with a posi-
tive charge, prepared by Eudragit microspheres coupled with
an ion-exchange function embedded with Mt, was therefore
designed to enhance the micro-interaction mechanism and
further prolong precorneal retention.

Betoptic eye drops, a microsphere suspension of BH, are
currently a commonly used commercial preparation for treat-
ing glaucoma in the clinic. To expand and promote our pre-
vious work, this paper focuses on microspheres with dual
functions prepared by Eudragit RS/RL and Mt, which show
improved in vivo and in vitro release performance. The differ-
ences in the in vivo and in vitro physicochemical features
and properties between this microsphere system and the
commercial preparation Betoptic were systematically com-
pared and optimized, such as the particle size, pH/osmotic

pressure value, XPS, rheology, and release performance,
especially the surface tension and contact angles. The per-
formance and related mechanisms were further evaluated
based on ocular irritation, in vivo ocular permeation, and
aqueous humor pharmacokinetic and pharmacody-
namic analyses.

2. Materials and methods

2.1. Materials

Mt was purchased from Zhejiang Sanding Co., Ltd.
(Shaoxing, China). BH (GC >99%) was purchased from
Haohua Industrial (Shandong, China). Eudragit RS PO and
Eudragit RL PO (pharmaceutical adjuvants) were purchased
from Degussa (Germany). 3-(4-5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) was obtained from
Amresco (USA). Betoptic eye drops were purchased from
Novartis Pharma NV (Belgium). All other reagents and sol-
vents used were of analytical grade.

New Zealand white rabbits of either sex (SCXK 2016-
0041), weighing 1.5–2.0 kg, were purchased from the
Southern Medical University Laboratory Animal Center
(Guangzhou, China), and all animal experiments were con-
ducted by the Institutional Animal Care and Use Committee
of Guangdong Pharmaceutical University. The human corneal
epithelial (HCE) cell line was provided by the Beijing
Beinaichuanlian Institute of Biotechnology Mall branch.

2.2. Manufacture of MIDFDS

MIDFDS was prepared by the patent-authorized oil-in-oil (O/
O) emulsion–solvent evaporation method based on our pre-
vious study (Tian et al., 2018). Briefly, the internal phase was
composed of 200mg of Eudragit (EUD) RS PO, 200mg of
EUD RL PO, 124mg of Tween 80, 80mg of glycerin, 80mg of
triethyl citrate, and 50mg of BH as Mt-BH in acetonitrile. The
external phase was a mixture of 248mg of Span 80 and
20mL of light liquid paraffin. First, the internal phase was
suspended and added to the external phase dropwise and
immediately placed in an ice water bath for ultrasonication
for 15min (working power of 53%). After the mixture was
stirred at room temperature until it became clear, the speed
was adjusted to 650 rpm and sequentially stirred for 1 h.
Finally, the microspheres were washed with hexane, col-
lected by suction filtration, and dried naturally.

2.3. Characterization of the MIDFDS and Betoptic

2.3.1. Particle size
The particle size of the microspheres and Betoptic was meas-
ured by dynamic light scattering (Delsa Nano C particle size
and zeta potential analyzer; Beckman Coulter, Brea, CA, USA).

2.3.2. Osmolarity and pH measurements
The osmotic pressure of MIDFDS and Betoptic was measured
with an osmometer (Osmomat Basic 3000, GonotecGmBTH,
Germany), and their pH values were measured with a pH
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meter (PHS-3C, INESA Scientific Instrument Co, Ltd.). The
measurement results are the average value of the data
obtained triplicate measurements under the same conditions.

2.3.3. Drug loading rate and encapsulation efficiency
Twenty milligrams of MIDFDS powder were dissolved in 1mL
of methylene chloride solution and vortexed for 4min.
Methanol was added to dilute to volume followed by 2 h of
ultrasonic treatment and leaving at room temperature over-
night to allow the microspheres to completely demulsify.
The absorbance value of free BH from the filtrate after centri-
fugation was analyzed with an ultraviolet spectrophotometer
(UV-1800, Shanghai Mapada Instruments Co., Ltd., China) at
273 nm. Betoptic (0.5mL) was separately treated with chlor-
ine, methanol, and dimethyl sulfoxide (DMSO) in a 100mL
volumetric flask, completely demulsified by ultrasound for
2 h and filtered through a 0.22mm filter membrane for
absorbance measurement. Next, 2mL of MIDFDS suspension
and Betoptic was placed in a dialysis bag with a molecular
weight cutoff of 8,000 to 14,000Da. Artificial tears (250mL)
were used as the dialysis medium for 30min. The absorbance
of Betoptic was determined after filtration (0.22 mm). The
drug loading rate (DL%) and encapsulation efficiency (EE%)
were calculated using the formulas as follows:

EE %ð Þ ¼ Dt�Df

Dt
� 100

DL %ð Þ ¼ Dt�Df

Dt0
� 100

where Dt is the total amount of the drug encapsulated and
unencapsulated in microsphere preparations, Df is the
amount of free drug, and Dt0 is the total amount of
microspheres.

2.3.4. X-ray photoelectron spectroscopy (XPS)
XPS measurements were measured using a K-alpha X-ray
photoelectron spectrometer (Thermo Fisher Scientific, UK)
with a monochromatic Al KaX-ray source (excitation energy
¼ 1468.6 eV). The chamber of XPS analysis was evacuated to
ultra-high vacuum (pressure is �5� 10�8 mbar) before ana-
lysis. Spectra were collected from 0 to 1350 eV using an
X-ray spot size of 400 lm with a pass energy of 100 eV for
wide scan and 30 eV for individual elements. The binding
energy was corrected signal at 284.8 eV relative to the car-
bon 1 s.

2.3.5. Rheology
Rheology was proposed by Bingham and Crawford to repre-
sent the flow of liquids and the deformation of solids.
Viscosity represents the resistance of the flow of a fluid. The
greater the viscosity, the greater the resistance. T rheological
behavior of Betoptic and MIDFDS was measured at 34 �C
with a shear rate of 0–200 s�1 using a rotational rheometer
(Physica MCR301, Austria) with a coaxial cylinder system. In
addition, the dynamic viscoelasticity was measured at a fre-
quency of 1–10Hz. The Ostwald-de Waele power law

equation was used to fit the rheological curves of MIDFDS
and Betoptic.

s ¼ K _cn

where K is the viscosity coefficient of the fluid and n is the
non-Newtonian index of the fluid.

2.3.6. In vitro release studies and morphological changes
The dynamic dialysis method was used for the in vitro
release test. After preparing artificial tears(Ceulemans &
Ludwig, 2002) according to the appropriate composition, the
dialysis bag (molecular weight cutoff: 8000–14,000Da) was
soaked in the artificial tears overnight.

Accurately measured 4mL of BH solution, the Betoptic
eye drops and MIDFDS suspension containing the same
amount of drug were packed in dialysis bags sealed at both
ends and soaked in 100mL of artificial tears. The above
whole samples were placed in an air bath constant tempera-
ture oscillator with a temperature of 34 �C and a rotation
speed of 120 rpm. At specific time intervals, 5mL of the
medium was pipetted out while replenishing with the same
volume of freshly prepared medium(Ablamowicz & Nichols,
2016). The absorbance value of the subsequent filtrate of the
removed medium filtered through a 0.22lm microporous
membrane was analyzed by an ultraviolet spectrophotometer
(UV-1800, Shanghai Mapada Instruments Co., Ltd., China)
at 273 nm.

For the morphological analysis, microspheres were col-
lected at a specific time for filtration and drying. The lyophi-
lized microspheres were fixed with double-sided carbon tape
and sprayed with a thin layer of gold under a vacuum. The
surface of MIDFDS was investigated using a Carl Zeiss Sigma
300 scanning electron microscope (Carl Zeiss, Germany).

2.3.7. Wettability and surface tension experiment
The eyeballs of rabbits from healthy New Zealand white rab-
bits were stored in 0.9% saline, and the contact angle was
measured with an optical contact angle measuring instru-
ment using the hanging drop method. BH solution, Betoptic
suspension, and MIDFDS suspension were dropped into dif-
ferent eyeballs, and the instant image of the sample solution
contacting the cornea was recorded with a camera. The
measurement of surface tension was photographed at the
instantaneous state of each sample solution as it dripped
away from the syringe needle. Both images were analyzed
using image analysis software.

2.4. In vivo fluorescence tracing

The BH solution, Betoptic suspension, and MIDFDS suspen-
sion were mixed with 0.2% sodium fluorescein. Nine healthy
New Zealand white rabbits were randomly divided into three
groups. A 50 mL sample (BH solution, Betoptic suspension,
and MIDFDS suspension) was dripped into the lower con-
junctival sac of each rabbit’s eye, and a slit fluorescent lamp
was used to observe and record the intensity of the
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continuous fluorescent layer on the corneal surface at regular
intervals (Ablamowicz & Nichols, 2016).

2.5. Aqueous humor pharmacokinetics by microdialysis

The rabbits were randomly divided into three groups: the BH
solution group, the commercial Betoptic group, and the
MIDFDS suspension group. Heparin sodium (100U/kg) was
injected into the ear vein of the rabbits 4 or 0.5 h before
application of the drug. Rabbits were anesthetized by intra-
venous injection of 3% pentobarbital sodium (30mg/kg).
After local anesthesia with a drop of Benoxil on the corneal
surface, the rabbit was fixed on the dissecting table, and its
eyelid was opened with an eyelid opener. A penetrating
puncture was performed at the edge of the cornea and
sclera with a 1mL syringe needle. After the microdialysis
probe was pierced along the needle cavity, the needle was
removed, and the position of the probe was adjusted so that
the probe was immersed in the aqueous humor. After the
probe was fixed in the corner of the eye with tissue glue,
the eye was closed, and the rest of the probe was fixed on
the rabbit body. Ofloxacin eye drops were dropped into the
wound to prevent infection. Normal saline was used as the
perfusion solution, and the flow rate was set to 2lL/min.
After 2 h of flushing, the corresponding dosage form was
given into the conjunctival sac of each group (50lL each
time, twice in 1min). The time of completion of administra-
tion was 0, and samples were collected every 30min for
10 h. The collected samples were stored in a 4 �C refrigerator,
and the determination was complete within 24 h (Wei et al.,
2006; Gan et al., 2010).

2.6. Pharmacodynamics

Healthy rabbits were given 50 lL of BH solution, Betoptic or
MIDFDS in the left eye conjunctival sac, and the drug was
gently pressed into the nasolacrimal duct; their right eyes
were given the same volume of 0.9% saline. The IOP of both
eyes was measured at specific time intervals, and the aver-
age value was determined from three measurements.

2.7. Ocular biocompatibility

2.7.1. Cytotoxicity
The 3-(4-5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium brom-
ide (MTT, Amresco, USA) assay was used to evaluate the
cytotoxicity of Betoptic and MIDFDS on corneal epithelial
cells in vitro. HCE-T cells were inoculated in the culture
medium in 96-well plates and treated with the specified con-
centration of compounds for 0.5, 2, or 4 h. Then, 100 mL of
MTT solution (5mg/mL) was added followed by incubation
for another 4 h. The absorbance at 570 nm was measured
with a MultiskanTM FC Microplate spectrophotometer
(Thermo Fisher Scientific, USA) (Ablamowicz & Nichols, 2016).

2.7.2. Hemolysis experiment
Irritating chemicals can cause erythrocyte membrane damage
and lead to hemoglobin leakage; therefore, the content of
oxygenated hemoglobin was quantified by hemolysis to
evaluate the damage effects on the eye tissue of the sub-
jects. Blood samples (2mL) from the ear veins of healthy rab-
bits were gently stirred, and 2mL of PBS was added. After
centrifugation for 5min, the supernatant was discarded. Ten
milliliters of PBS were continuously added, and after 5min of
centrifugation, the supernatant was discarded. The above
operation was repeated 4–5 times until the supernatant was
without an obvious red color. The resulting red blood cells
were diluted with PBS to form a red blood cell suspension
with a volume fraction of 2%. PBS (negative control group),
deionized water (positive control group), and Betoptic and
MIDFDS (sample groups to be tested) were added to 0.2mL
of the erythrocyte solution, incubated at 37 �C for 4 h and
centrifuged for 5min. The supernatant color was observed.
From each group, 100 mL of the supernatant was placed in a
96-well plate, the absorbance was measured with an enzyme
marker (570 nm), and the hemolysis rate was calculated
(Ablamowicz & Nichols, 2016).

2.7.3. Draize test and histopathology examination
The Draize test and histopathology examinations were used
to examine the irritation and ocular toxicity of the ocular tis-
sue level in vivo. Preparations were directly dripped into the
conjunctival sac of each rabbit’s left eye, with the contralat-
eral eye serving as a control. In the single stimulation test,
50 lL of each drug was administered once, while in the mul-
tiple stimulation test, 50lL of each drug was administered
three times each day for 7 consecutive days. The ocular con-
dition (corneal lesions, iris, conjunctival congestion, edema,
and secretions) was monitored using a scoring system (Jin et
al., 2018) at 1, 24, 48, and 72 h after administration as previ-
ously stated. The histopathological examination was carried
out following the Draize test after multiple administrations.
The excised eyeballs, fixed in 10% formalin solution (v/v),
were stained and observed under a microscope (BK6000,
Chongqing Optec Instrument Co., Ltd.).

2.8. Statistical analysis

All statistical analyses were performed using Origin 2018
software, followed by Tukey’s honestly significant difference
(HSD) test for multiple comparisons in Prism 8.0 (GraphPad
Software). Comparisons with p-values <.05 were considered
statistically significant and are marked with an asterisk. All
data are expressed as the mean± standard deviation (SD).

3. Results and discussion

3.1. Characterization of the MIDFDS and Betoptic

The physicochemical characteristics of Betoptic and MIDFDS
are summarized in Table 1. Betoptic was �2.25 ± 0.06 lm,
and MIDFDS possessed a larger particle size of 9.64 ± 3.06
lm: The particle size of ophthalmic microspheres is usually
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controlled at ca. 10 lm, because a larger particle would pro-
duce a foreign body sensation after microsphere entry into
the eye (Liu et al., 2019). In this case, both Betoptic and
MIDFDS met the particle size requirements for clinical drug
compliance of ophthalmic preparations. The pH has an
impact on the comfort, safety, stability, and activity of oph-
thalmic products. The pH of normal tears is �7.4, and ocular
preparations with a pH in the range of 6–8 may not cause
discomfort (Kang et al., 2016). Therefore, the pH values of
MIDFDS and Betoptic were controlled at ca. 6.74 and 7.11,
respectively. The osmolarity of Betoptic was �295.67
mOsmol/kg, which was within the tolerance range values of
the eye (248–371 mOsmol/kg). We adjusted the osmolarity of
MIDFDS to 342.33 ± 1.33 mOsmol/kg with 4.5% mannitol
solution to minimize irritation with the application of the eye
drops. It is very interesting to note that the BH encapsulation
efficiency of the MIDFDS (82.03 ± 1.21) increased compared
with that of the commercial preparation Betoptic
(61.79 ± 0.69). The drug loading of MIDFDS (�6.5% w/w) was
even 4.53 times higher than that of Betoptic (�1.4% w/w),
demonstrating that MIDFDS could load a sufficient amount
of drug and meet the clinical dose. The drug load and
entrapment efficiency of Betoptic microspheres were limited.

Therefore, a large number of free BH molecules exist in the
suspension, which can be confirmed by the notable burst
release observed in the in vitro release curve (Figure 3(b)). As
a result, we were concerned about the appropriateness of
using microsphere suspensions stored in liquid form for drug
delivery. Considering the water-soluble properties of BH, the
microspheres and buffer should be packed separately, and
the mixing method should be more beneficial for clinical
drug delivery.

3.1.1. X-ray photoelectron spectroscopy (XPS)
X-ray photoelectron spectroscopy (XPS) is a powerful tool for
characterizing the surface of polymers (Davies et al., 1989),
and provides qualitative and quantitative information about
the chemical composition with a penetration depth of
�10 nm (Saboo et al., 2019; Sun et al., 2021). The full XPS
spectrum of the samples revealed that BH was loaded on
the montmorillonite and coated with Eudragit to form the
dual-functioning sustained-release carrier of MIDFDS
(Figure 2(c)). The XPS of Mt-BH displayed a distinct peak at
398.4 eV, which indicated that the presence of N 1 s might
result from BH loaded on montmorillonite (Figure 2(d)).

Table 1. Physicochemical characteristics of Betoptic and MIDFDS (data expressed as the mean values ± SD, n¼ 3).

Samples Particle size (lm) EE% DL% pH Osmolarity (mOsmol/kg)

Betoptic 2.25 ± 0.06 61.79 ± 0.69 1.42 ± 0.09 7.11 ± 0.01 295.67 ± 1.21
MIDFDS 9.64 ± 3.06 82.03 ± 1.21 6.55 ± 0.12 6.74 ± 0.02 342.33 ± 1.33

Figure 1. Schematic diagram of the preparation process of MIDFDS using the oil-in-oil emulsion evaporation method.
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Moreover, in the Cl 2p XPS spectrum (Figure 2(e)), Mt-BH did
not show a characteristic peak at 197 eV, which further con-
firmed that BH was embedded on the montmorillonite by
replacing Naþ via the ion-exchange mechanism. The XPS
spectrum of Mt and Mt-BH had obvious peaks at 102.6 eV
corresponding to Si 2p, while MIDFDS had a soft peak
(Figure 2(f)). This finding suggested a significantly reduced Si
content on the surface of the microspheres (Figure 2(b)).
Together with the X-ray diffraction (Tian et al., 2018), Mt-BH
was mainly distributed in deeper areas of the MIDFDS rather
than adsorbed on the surface.

3.1.2. Rheology
Pseudoplastic flow, plastic flow, and thixotropic flow behav-
ior can effectively slow down the sedimentation speed of
sub-particles in suspension. The Ostwald-de Waele power
law equation was used to fit the rheological curves of the
remaining MIDFDS and Betoptic (Table 2). The fitting results
showed that the samples were shear-thinning pseudoplastic
non-Newtonian fluids (n< 1), which have the advantage of
remaining on the ocular surface. The smaller the value of the
non-Newtonian index, the more significant the non-
Newtonian characteristics. Combined with Figure 2(a), it

could also be confirmed that Betoptic showed only slight
pseudoplastic behavior. Conversely, MIDFDS showed a high
initial viscosity when the shear rate was below 10 s�1, indi-
cating that their retentivity was superior to that of Betoptic
at rest when the eye was open. Then, the viscosity decreased
rapidly with the increase in shear rate. As the shear rate
exceeded 200 s�1, the viscosity reached its minimum, which
was extremely low. Thus, under the shear of the eyelid
(5000 s�1), MIDFDS, as well as Betoptic, would demonstrate
low viscosity, which could avoid irritation and discomfort
(Destruel et al., 2020).

3.1.3. In vitro release studies and morphological changes
Currently, the purpose of drug delivery research is to
develop systems to maintain the drug concentration
between the minimum effective level and the maximum safe
level over a long period of time. The in vitro release curves
of the BH solution, Betoptic, and MIDFDS are shown in
Figure 3(b). Unexpectedly, both BH solution and Betoptic
had comparatively high burst release characteristics within
0.5 h with releases of 58.40 and 51.43%, and the drug in
each sample was completely released within 3 h vs. BH solu-
tion within 2 h. Thus, the commercial suspension Betoptic

Figure 2. Characterization of MIDFDS and Betoptic. (a) Viscosity of Betoptic and MIDFDS at 34 �C as a function of the shear rate. (b) XPS atomic concentrations of
BH, Acid-Mt, Mt-BH, and MIDFDS. (c) X-ray photoelectron full spectrum of BH, Acid-Mt, Mt-BH, and MIDFDS. (d) The N 1 s XPS spectrum of BH, Acid-Mt, Mt-BH, and
MIDFDS. (e) The Cl 2p XPS spectrum of BH, Acid-Mt, Mt-BH, and MIDFDS. (f) The Si 2p XPS spectrum of BH, Acid-Mt, Mt-BH, and MIDFDS.
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and BH showed considerable release performance in vitro,
although it did not meet the requirements of the Chinese
Pharmacopeia that the release of sustained-release prepara-
tions within 0.5 h should be <40%. In contrast, MIDFDS
showed a release rate of 24.48% within 0.5 h, which is a rela-
tively low burst release phase, and they were continuously
released for 12 h. Based on these results, we concluded that
the inorganic-organic compound sustained-release system
formed by specific ion-exchanged Mt and Eudragit RS/RL
(MIDFDS) could exhibit the above double-sustained and con-
trolled release effects. Hence, MIDFDS displayed key superior-
ity in its minimal initial burst release and complete steady
sustained release, providing a beneficial therapeutic window
and decreasing the dosing frequency in the clinic (Liu et
al., 2019).

With a prolonged incubation time in the release medium,
the volume of the microspheres began to increase.
Subsequently, an increasing number of pores appeared on
the microsphere surface, and the pore size gradually
increased, although the microspheres did not obviously col-
lapse. Therefore, the release mechanism of MIDFDS can be
described as follows: due to the permeability of Eudragit to
water and the formation of water-absorbing swelling energy,

water molecules can enter the microsphere via the pore
through the capillary effect. The drug can also gradually dis-
solve out from the core of the microsphere via the pore
according to Fick diffusion (n¼ 0.2207). The drug was
replaced from the surface and interlayer of montmorillonite
by ion exchange with Kþ/Naþ in the tear film and then dif-
fused and dissolved onto the surface of the microsphere.
This phenomenon also explains why the MIDFDS could basic-
ally maintain a spherical shape following release in vitro
for 12 h.

3.1.4. Surface tension and contact angle
Surface tension is the unbalanced force of surface molecules,
causing surface molecules to be pulled into liquid due to
their elastic tendency. The lower the surface tension of the
preparation, the easier it is for the corneal epithelium to
moisten. The BH aqueous solution, Betoptic, and MIDFDS
showed low surface tensions, supporting their suitable diffu-
sion abilities and corneal permeability.

The contact angle is usually used to reflect the degree of
wettability of liquid on a solid surface. The smaller the con-
tact angle, the greater the wetting degree of the preparation

Figure 3. Surface tension and contact angle values of the BH solution, Betoptic, and MIDFDS (data expressed as the mean values ± SD, n¼ 3). 1–6 are one-time
measurement results. (a) In vitro cumulative release percentage curve of BH solution, Betoptic, and MIDFDS (n¼ 3), and SEM images of MIDFDS at 0, 0.5, 4, and
12 h. (b) The drug was released from the core of the microsphere through the pore formed by the swelling of Eudragit in MIDFDS following Fick diffusion without
dissolved MIDFDS.
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on the cornea, and the better the spread ability and the
faster the spreading speed. Figure 3(a) shows that the con-
tact angle of drug-loaded microspheres (54.66 ± 5.35�) was
significantly larger than those of Betoptic (38.66 ± 4.34�,
p< .05) and BH aqueous solution (33.23 ± 0.84�, p< .01).
Therefore, MIDFDS spread more slowly than Betoptic micro-
spheres, suggesting a longer micro-interaction time of the
microparticles with tear film compared with the
other samples.

3.2. In vivo evaluation

3.2.1. Precorneal retention time
As shown in Figure 4(a), as expected, during the first 20min
following administration, there was almost no fluorescent
residue on the corneal surface of the BH group, indicating
that the retention time of BH on the eyeball surface was
very short. A huge variability in all samples was observed
during the first 20min due to a large amount of preparation
instilled. Upon dropping 7 mL (Van Haeringen, 1981) and
50mL of tear fluid on the ocular surface of rabbit eyes, rapid
elimination of the excess was observed in both cases either
by nasolacrimal drainage or lacrimation. For the MIDFDS

group, the fluorescence was concentrated in the conjunctival
sac after administration. A longer retention time on the eye-
ball surface was obtained compared with that of Betoptic
(p< .05), potentially due to the larger contact angle of
MIDFDS, which enables the MIDFDS to diffuse slowly on the
cornea, thus MIDFDS had more time to interact with the
mucin of the tear film, resulting in a longer anterior corneal
retention time.

3.2.2. Aqueous humor pharmacokinetics
In this study, the microdialysis online sampling technique
was used to evaluate the pharmacokinetics of the aqueous
humor. The BH concentrations of BH solution, Betoptic, and
MIDFDS in the rabbit aqueous humor are shown in Figure
4(b). Betoptic showed a sharp and strong drug concentration
peak (6.33 lg/mL) in the aqueous humor at 30min, which
was only slightly lower than that of BH solution (7.06 lg/mL).
This phenomenon was due to the rapid release of free drugs
or drugs adsorbed onto the surface of the Betoptic micro-
spheres, which could be confirmed by the measured entrap-
ment efficiency of Betoptic (only 61.79%) and a fast and
sudden burst release in vitro (Figure 3(b)). After 30min, the

Table 2. Rheological behavior of Betoptic and MIDFDS (n¼ 3).

Formulation Power law equation Non-Newtonian index (n) Correlation coefficient (r) Fluid type

Betoptic s ¼ 0:205 _c0:626 0.626< 1 0.9986 Pseudoplastic fluid
MIDFDS s ¼ 10:36 _c0:265 0.265< 1 0.9716 Pseudoplastic fluid

Figure 4. In vivo fluorescence tracing and microdialysis results. (a) Precorneal retention following the administration of BH solution, Betoptic, and MIDFDS at the
specified time points. (b) Schematic diagram of a microdialysis probe implanted into the anterior chamber. (c) In vivo pharmacokinetic data of the BH solution,
Betoptic, and MIDFDS after topical instillation into rabbit eyes (mean ± SD, n¼ 3).
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drug concentration of all samples began to decrease because
the drug overflowed from the conjunctival sac or was lost
through nasolacrimal drainage. The decreases in BH solution
and Betoptic were more significant than that of MIDFDS.
Thus, the fluctuation in the drug concentration of MIDFDS
was less dramatic than that of the former two. MIDFDS
showed the most stable pharmacokinetics and greatest drug
release performance (except for occasional sudden release
points, p< .05) in the aqueous humor among the three prep-
arations, favoring their stable and reliable pharmacodynamic
IOP-lowering effects.

3.2.3. Pharmacodynamics
The IOP-lowering efficacy measurements indicated that BH
solution reached its maximum IOP reduction capacity at 1 h,
gradually weakened after 2 h, and then had no effect at 4 h.
The effects of MIDFDS and Betoptic on lowering IOP were
better than those of BH solution, except at 1 h. The BH solu-
tion had an extremely rapid IOP-lowering effect due to the
rapid release of the solution. The Betoptic curve fluctuated
considerably, especially during the two intervals of 1.5–3.0
and 3.0–8.0 h, which could be attributed to a large amount
of free drug adsorbed on the surface of Betoptic micro-
spheres. Although Betoptic appeared to have a larger IOP
reduction than MIDFDS, its significant fluctuations could
reduce the clinical compliance of patients and in turn con-
tributed to an adverse impact on the intraocular tissue. Of
the three curves, MIDFDS had the smoothest IOP-lowering
effects. It is worth noting that MIDFDS still had a continuous
IOP-lowering effect after 8 h, which was much longer than
that of Betoptic.

Generally, the precorneal fluorescence retention time of
the MIDFDS (90min) was longer than that of Betoptic
(70min). Except for a few points, the overall aqueous humor
pharmacokinetic curve of the MIDFDS was generally higher
than that of Betoptic, with longer-lasting pharmacodynamics
of lowering IOP. The improved aqueous humor pharmacokin-
etics and pharmacodynamics of the MIDFDS probably
resulted from the longer precorneal fluorescence retention.
The above measurements of the corneal contact angle tests
showed that MIDFDS had the largest contact angle
(54.66 ± 5.75); however, they had a slower corneal spreading
rate (2.93 s) than that of Betoptic microspheres (2.50 s, Figure
5(a)). The slow wetting and diffusion of the MIDFDS on the
ocular surface enabled a longer interaction time between the
positively charged microspheres (f potential of
þ8.246 3.98mV) and the negatively charged sialic acid and
sulfonic acid residues in the tear film. Therefore, more
MIDFDS was trapped in front of the cornea by a mucin gel
network in the lacrimal film, and the corresponding macro-
scopic manifestation was a prolongation of the fluorescence
retention in the rabbit cornea.

MIDFDS had a longer retention time than Betoptic but a
poorer cumulative release percentage. Surprisingly, MIDFDS
still resulted in much higher aqueous humor concentrations
and longer-lasting efficacy. The tear film is located in front of
the cornea, and it contains a variety of sialic acid and sul-
fonic acid residues, lysozyme-based coenzymes, and different

distributions of sialic acid and sulfonic acid residues (pKa ¼
2.6), which might lead to a much lower pH near the cornea
than the average pH value of the tear film water layer
(Murgia et al., 2016; Ahmed et al., 2018). Tear film ranges in
pH from 6.5 to 7.6 (Moreddu et al., 2020). These observations
suggested that the pH of residues and other coenzymes in
tears could promote the degradation and drug release of
microspheres. Therefore, the lysozyme release experiment
was performed, and the results (Figure 5(c)) showed no sig-
nificant effect of lysozyme on release at 34 �C (p> .05). Next,
the influence of different pH values on MIDFDS release was
examined, and Figure 5(d) shows that a lower pH of the
release medium resulted in faster and more complete release
of MIDFDS compared with pH ¼ 7.4 (p< .001), with the
faster and more complete release of 80.87 ± 3.83% obtained
at pH ¼ 6.5 which had no significant difference to pH ¼ 2.6.
Therefore, compared with Betoptic, MIDFDS suspension eye
drops had the ability to maintain a stable drug concentration
for a long time. Both the sustained release of MIDFDS based
on the ion-exchange mechanism and the sufficient pre-cor-
neal retention time contributed to a sufficient and stable
drug concentration in the aqueous humor. Together with the
above findings, these results demonstrate a more stable and
long-term reduction of IOP with the dual-functioning sus-
tained-release carrier of MIDFDS.

3.3. Ocular biocompatibility

Although the MIDFDS demonstrated potential therapeutic
applications through pharmacodynamic analyses, its clinical
application safety remains a concern. We explored the cyto-
toxicity and undertook an in vitro hemolytic study, a hist-
ology study, and a Draize test to evaluate their safety profile.

3.4.1. Cytotoxicity
The first parameter considered for application to a target
material is to evaluate the cytotoxicity of any substance that
comes in contact with the eye surface. The cytotoxicity of
human corneal endothelial cells was evaluated in vitro by the
MTT assay using human corneal epithelial cells (HCECs). With
the increase in the preparation concentration, the survival
rate of HCECs decreased. Except for the highest dose
(100 mL), the cell survival rates of MIDFDS were all higher
than those of Betoptic. The Occupational Safety and Health
Administration (OSHA) states that the accepted proportion of
cell viability is expected to be higher than 70%. The MTT
assay showed that when the dose was 20lL (although the
administration dosage was 50lL, the volume would be
quickly reduced due to nasolacrimal drainage), the cell viabil-
ity in the MIDFDS group was 90.4, 88.4, and 75.0% after
exposure for 0.5, 2, and even 4 h, respectively, which was sig-
nificantly (p< .001) higher than in the Betoptic group (64.1,
41.1, and 42.2%, respectively). The results showed that at the
clinical dose (20 lL), the biocompatibility of the homemade
double-effect microspheres was better than that of the
Betoptic microspheres. Through our previous studies, strong
cytotoxicity of drugs (Liu et al., 2020) and weaker cytotoxicity
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of blank Eudragit microspheres (Liu et al., 2020) proved that
the toxicity was mainly caused by drugs rather than carriers,
which suggested that drugs were more encapsulated in the
microspheres than adsorbed on the surface.

3.4.2. Hemolysis experiment
Allergy and hemolysis, which are other important compo-
nents of the preclinical safety evaluation, refer to the local
toxicity or systemic toxicity caused by drug administration
through non-oral routes, such as skin, mucous membranes,
and blood vessels (Lagarto et al., 2006). Incubation with
erythrocytes indicated that the red blood cells declined in
the negative control group, causing the supernatant to be
colorless and transparent in the absence of hemolysis (Figure
6(e)) . The positive control group showed a red clear solu-
tion, and only a small amount of red blood cells remained at
the bottom of the tube, which clearly indicated hemolysis.
For the MIDFDS sample group, the red blood cells declined
in each tube, resulting in a colorless and transparent

supernatant without hemolysis or coagulation. Each tube of
Betoptic samples was red and clear with hardly any red
blood cell residue at the bottom of the tube, which was
clearly caused by hemolysis. The above results showed that
the MIDFDS (0.006%) caused significantly less hemolysis than
the BH-PBS solution (2.74%, p< .01) and Betoptic (48.69%,
p< .001), which suggested that MIDFDS with ion-exchange
effects and a positively charged surface possesses excellent
biocompatibility compared with Betoptic in terms of cytotox-
icity and hemolysis.

3.4.3. Draize test and histopathology examination
Eye irritation is accompanied by eye blinks and increased
tear secretion as a defense mechanism for the recovery of
normal conditions. When confronted with these discomforts,
the defense mechanism may be a more rapid loss of the
drug with a reduction of the therapeutic response. The most
commonly used method to evaluate eye irritation is the
Draize test on rabbit eyes, which are more sensitive than

Figure 5. Pharmacodynamics and corneal preparation spread time. (a) The spreading time of Betoptic and MIDFDS at the front of the rabbit cornea in vitro. (b)
IOP-lowering effects of topical administration of BH solution, Betoptic, and MIDFDS (mean ± SD, n¼ 3). (c) In vitro release of BH from MIDFDS and MIDFDS-lysozyme
(n¼ 3). (d) In vitro release of BH from MIDFDS at different pH values (n¼ 3). (e) Schematic diagram of the micro-interaction between the positively charged micro-
spheres and the negatively charged mucin layer after local administration. The larger corneal contact angle of MIDFDS and the slower corneal diffusion velocity in
rabbit eyes led to increased interaction time between the positively charged surface of MIDFDS and the negative residues of the tear film, further resulting in a lon-
ger precorneal retention time of MIDFDS in in vivo fluorescence tracing (Figure 4(a)).
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human eyes. Macroscopic changes were evaluated by the
Draize rabbit eye test of the cornea, iris, conjunctiva, edema,
and secretions of rabbit eyes after exposure to the prepara-
tions. Tissues exposed to Betoptic and MIDFDS did not show
any obvious differences from those that received the saline
control, because there was no edema, bleeding or inflamma-
tion detected. H&E-stained sections of ocular tissues con-
firmed that repeated dosing of Betoptic and MIDFDS did not
alter the structure of the cornea, conjunctiva, sclera, or iris
(Figure 6(g)). These results indicated that Betoptic and
MIDFDS will not stimulate or damage the eye tissue and
may be suitable for short-term or long-term local eye appli-
cation. Although the biocompatibility of Betoptic was inferior
to that of MIDFDS according to the cytotoxicity and hemoly-
sis experiments, the difference in irritation at the cellular
level was not enough to cause significant histological
changes in rabbits in vivo. It should be noted that glaucoma
treatment generally requires long-term administration; there-
fore, the Draize experiment in this study was performed
for 72 h.

4. Conclusion

The combination of BH embedded in Mt and Eudragit was
developed, and it’s in vivo and in vitro behavior compared
with commercial Betoptic was investigated. The dual-func-
tioning sustained-release carrier of MIDFDS demonstrated a
small amount of initial burst release and persistent sustained
release up to 12 h, while Betoptic was released in its entirety
within only 3 h. The longer corneal spread time at the front
of the cornea allowed much more time for MIDFDS micro-
interactions and thus longer precorneal retention than
Betoptic. MIDFDS was superior in terms of enhancing the
drug concentration in the aqueous humor and was more sta-
ble overall. The pharmacokinetic results showed that MIDFDS
also displayed smooth and steady IOP reduction. In addition,
the MIDFDS formulations were less irritating due to reduced
cytotoxicity and hemolysis. In conclusion, the dual-function-
ing sustained-release carrier MIDFDS could be a promising
ophthalmic sustained delivery system for the treatment
of glaucoma.

Figure 6. Biocompatibility evaluation of Betoptic and MIDFDS. (a,b) Percent cell viability of each formulation after different exposure times and administration dos-
ages (n¼ 3, mean ± SD). (c,d) Hemolysis percentage of the BH-PBS, Betoptic, and MIDFDS. The dashed line in (d) indicates 5% hemolysis. (e) The hemolysis of each
test group after 4 h of incubation with erythrocytes. (f) Ocular irritation scores from rabbits (single and multiple administrations, n¼ 3). (g) Ocular tissues were
stained with hemoxylin and eosin (H&E) following chronic application in the saline group, BH solution group, Betoptic group, and MIDFDS group (magnifica-
tion 200�).
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