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Abstract

Elevated intraocular pressure is a key pathogenic factor in glaucoma, often leading to irreversible
vision loss. In previous studies, we developed a novel hollow mesoporous organosilica nanocarrier
functionalized with manganese(III) tetrakis(1-methyl-4-pyridyl)porphyrin (HMMN), demonstrating
superior efficacy in treating primary open-angle glaucoma. This study presents a comparative analysis
of the transcorneal permeability of HMMNs modified with thioether, biphenyl, and thioether/
phenylene moieties in the porcine eye. Transcorneal permeability was evaluated using fluorescence
intensity measurements in the porcine aqueous humor, followed by the calculation of diffusion and
apparent permeability coefficients (Papp). Results reveal that thioether-modified HMMN exhibits
significantly enhanced corneal permeability compared to biphenyl and thioether/phenylene-

1

modified variants, with a diffusion coefficient of 4.88 x 10 ®cm”s ™' and a Papp of 1.30 x 10> cm's™
in the porcine eye. These findings provide valuable insights into the permeability properties of hollow
mesoporous organosilica nanocarriers, positioning them for broader applications in the treatment of
various ocular diseases and potentially beyond. Furthermore, this work serves as a valuable reference

for future studies exploring the potential of hybridized hollow mesoporous organosilica nanoparticles

functionalized with diverse organic moieties for enhanced therapeutic outcomes.

1. Introduction

Glaucoma is caused by optic nerve damage and loss of
retinal ganglion cells, typically associated with increased
intraocular pressure (IOP) [1]. The increase in IOP may
be the closure of the anterior chamber angle due to the
forward movement of the lens along the axial direction
of the eye, which obstructs the flow of aqueous humor
from the posterior chamber through the pupil into the
anterior chamber [2]. This type of glaucoma is called
primary angle-closure glaucoma (PACG). Laser periph-
eral iridectomy is a common and effective treatment for
PACG [3]. Another type of glaucoma is primary open-

angle glaucoma (POAG). The cause of elevated IOP in
this type of glaucoma is the increased resistance to
aqueous humor outflow at the trabecular meshwork
(TM) and Schlemm’s canal (SC) [4]. The treatment for
PACG mainly focuses on reducing the resistance at the
TM and SC, such as selective laser trabeculoplasty [5],
femtosecond laser trabeculotomy [4], and topical drug
therapy. Among various therapeutic approaches, topical
drug therapies remain the primary treatment modality
[6]. However, topical drug therapies remain challenging
due to the limitation of conventional drug delivery
methods, such as topical administration via eye drops or
ointments [7].

© 2025 IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.
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Table 1. Formulation Components of HMMN with Different Organic Moieties.

Formulations Silica precursor Organic moiety

HMMNI1 (Thioether-Modified) BTES (bis[3(triethoxysilyl)propyl]tetrasulfide); TEOS (tetraethyl MnTMPyP
orthosilicate)

HMMNZ2 (Biphenyl-Modified) BTEBP (1,4-bis(triethoxysilyl)biphenyl); TEOS MnTMPyP

HMMNS3 (Thioether/Phenylene- BTEB (1,4-bis(triethoxysilyl)benzene); BTES; TEOS MnTMPyP

Modified)

These traditional approaches face significant
obstacles, including the physiological barriers of the
cornea, conjunctiva, and tear film, resulting in low
bioavailability of the administered drugs [8]. To main-
tain therapeutic drug levels, frequent dosing is often
required, which can lead to toxicity [7] and reduce
patient compliance [9].

To address these issues, various nanocarriers have
been developed, including liposomes [10], micelles
[11], nanoparticles [12], dendrimers [13] and hydro-
gels [14]. These nanocarriers have shown promise in
enhancing drug delivery for ocular diseases, including
glaucoma [15, 16]. Nitric oxide (NO) is a known reg-
ulator of the aqueous humor outflow pathway [17, 18],
but its endogenous production is impaired in patients
with primary open-angle glaucoma [19]. Exogenous
NO supplementation, therefore, becomes necessary,
but its delivery to target tissues is hampered by poor
corneal penetration. Moreover, excess NO can react
with endogenous superoxide anions to produce per-
oxynitrite, which disrupts anterior segment tissues,
potentially leading to increased intraocular pres-
sure [20]

To overcome these challenges, a novel nano-
carrier, hollow mesoporous organosilica with
MnTMPyP (manganese(III) tetrakis(1-methyl-4-pyr-
idyl)porphyrin) nanoparticle (HMMN), was devel-
oped in our previous work [21]. Featuring high surface
area, uniform mesopores, and various framework
compositions, hollow mesoporous organosilica parti-
cles present broad and promising applications in
tumor therapy [22, 23], bioimaging [24, 25], and ocu-
lar drug delivery [26, 27]. The HMMN not only
enhances corneal permeability but also scavenges per-
oxynitrite, reducing its detrimental effects. Despite its
potential, previous studies primarily relied on fluores-
cence imaging to assess the corneal penetration of dif-
ferent organic moiety-modified nanocarriers, lacking
comprehensive quantitative data.

The application of mass transfer principles has sig-
nificantly contributed to the study of drug transport in
biological systems. Natesan et al employed a Franz dif-
fusion cell to evaluate the permeation of resveratrol
and quercetin co-encapsulated in chitosan nano-
particles, demonstrating that these nano-formulations
significantly enhanced transcorneal permeation com-
pared to free drugs [28]. Other studies have similarly
demonstrated the enhanced permeability of nano-
carrier-based formulations compared to traditional

methods [29, 30]. However, the Franz diffusion cell
presents limitations, such as poor simulation of the
physiological corneal curvature, potential stromal
swelling, and the inability to supply nutrients to cor-
neal cells, which can affect nanocarrier penetration
[31, 32]. To address these issues, a whole-eye model
was employed in this study to investigate the transcor-
neal diffusion characteristics of HMMN.

This study systematically examines the corneal
permeability of HMMN modified with different
organic moieties by conducting permeation experi-
ments and calculation of diffusion and apparent per-
meability coefficients. This work serves as a valuable
reference for future studies exploring the potential of
hybridized hollow mesoporous organosilica nano-
particles functionalized with various organic moieties
for enhanced therapeutic applications.

2. Materials and methods

2.1. Materials

Three distinct nanocarriers were synthesized by co-
hybridizing MnTMPyP with three different organic
moieties: thioether, biphenyl, and thioether/phenylene.
For ease of description, the nanocarriers modified with
thioether, biphenyl, and thioether/phenylene are desig-
nated as HMMNI1, HMMN2, and HMMN3, respec-
tively. The Formulation Components of HMMN1/2/3
was depicted in table 1. The size of nanocarriers is in the
range of 40-50 nm. Each nanocarrier was subsequently
modified with fluorescein isothiocyanate (FITC) to
produce solutions at a concentration of 15 mg mL ™" in
phosphate buffer solutions (PBS) with PH 7.4. The study
utilized 105 porcine eyeballs, and fluorescence measure-
ments were conducted using a SpectraMax i3x micro-
plate reader (Molecular Devices, San Jose, CA, USA) in
conjunction with black 96-well plates (JingAn Biological,
Shanghai, China). This study adhered to the principles of
the Declaration of Helsinki and complied with all
relevant medical ethical standards.

2.2.Methods

2.2.1. Permeation experiments

The permeation experiments were conducted using a
specially designed setup (figure 1). To prevent the
fluorescence of FITC under light exposure, the entire
donor chamber was wrapped in tin foil, which also
helped minimize the evaporation of the solution inside
the chamber. Porcine eyes were placed in the pits
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Figure 1. (A) special experimental setup based on Franz-type diffusion cells. (a) Schematic diagram of the Experimental setup. (b)
Photograph of the experimental setup fully loaded with pig eyeballs. (c) Photograph of the complete experimental setup.

within a polystyrene foam board, and the corneal
surfaces were gently cleaned with a PBS-soaked swab.
To ensure stability, excess muscle tissue around the
porcine eyes was carefully trimmed.

Nanocarrier solutions (15 mg mL ") were diluted
50 times with PBS to create a 0.3 mg mL ™" diluent, and
30 pl of this diluent was precisely administered onto
the corneal surface using a pipettor. The contact area
between the diluent and the cornea was 0.234 cm®. To
ensure uniform distribution of nanocarriers within
the aqueous humor, the eyes were gently shaken
10 times before the aqueous humor was extracted at
one-hour intervals. The total experimental duration
was 6 h, with the temperature maintained at a constant
37 °Cto simulate physiological conditions.

The extracted aqueous humor was filtered through
a0.22 pm nylon filter, and 50 pl of the filtered sample
was added to each well of a microplate. Fluorescence
intensity of FITC was measured using a microplate
reader with excitation and emission wavelengths of
488 nm and 525 nm, respectively. The time-fluores-
cence intensity curves were generated based on mea-
surement from three groups, with six sampling points
per eye, five eyes per group, and three types of nano-
carriers, resulting in the use of 90 eyes in total.

2.2.2. Standard curve
The aqueous humor was removed from 15 porcine
eyes with a 1 mL syringe, and the syringe was inserted

into a 0.22 pm needle filter and the aqueous humor
was transferred to a container for later use. Filtered
clear aqueous humor was used to dilute the nanocar-
rier solution (15 mg mL™") to create a series of six
dilutions: 0.0125, 0.025, 0.0375, 0.05, 0.0625, and
0.075 mgmL ™. Subsequently, pipette 50 ul of each set
of dilutions accurately into the well of a black 96-well
plate. Then, put the black 96-well plate into the
microplate reader to measure the fluorescence inten-
sity of the sample. The excitation and emission
wavelengths of the microplate reader were 488 nm and
525 nm, respectively. The standard curve was obtained
by linear fitting of the relationship between fluores-
cence intensity and concentration using the analysis
module in Origin 2024 (OriginLab Corporation,
Northampton, Massachusetts, USA).

2.2.3. Theory model

The permeation of nanocarriers into the cornea can be
approximately modeled as a diffusion process driven
by the concentration gradient. To describe this diffu-
sion precession by math, some hypotheses are
needed [33].

a) The concentration of the nanocarrier on the cornea
surface is homogeneous and constant, ignoring the
effects of gravity, temperature, and other external
factors;

3



10P Publishing

Biomed. Phys. Eng. Express 11 (2025) 045015

Y Sunetal

cornea
surface

anterior
chamber

A

Permeation mass (M)

Y
A
Y

Time (t)

Figure 2. The ideal quality of nanocarrier accumulation across unit area cornea.

b) In the beginning, the concentration of nanocarrier
within the cornea and aqueous humor is zero;

¢) The diffusion coefficient of the nanocarrier within
the cornea is uniform and constant;

d) The nanocarrier does not stay at the interface
between the cornea and the anterior chamber, in
other words, the concentration of the nanocarrier
on that interface is zero;

e) The whole diffusion process can be approximated
as a one-dimensional physical process.

According to Fick’s law of diffusion, diffusion of
nanocarriers within the cornea could be described by
the following partial differential equation:

oc  9*C

= =D==0<x<! 1
o 6x2( x< D) (1)

where Cindicates the concentration of the nanocarrier
on the location x at time t, t is permeation time, x
represents any position within the cornea along the
direction of thickness, and ! denotes the corneal
thickness, and D refers to the diffusion coefficient. The
initial equation is as follows:

t=0,C(x,t) =0 2)

The boundary equations are as follows:

x=0, t>0,Cxt)=Cy 3)

x=5Lt>0,Cxt)=0 4)

where C, expresses the concentration of nanocarriers
on the corneal outer surface at time zero. Based on the
above equations, the solution of distribution of
concentration of nanocarrier within the cornea is that:

Clx, t):Co(l _ f)_ 2Cp~ 1
I ]

n=

x sin 21X exp(— nzﬂth) 5)
) I?

Taking Fick’s first law (J = —Dg—f ) together with
equation (5) could get an expression for diffusion flux
(or )) at the interface between the cornea and the ante-
rior chamber.

J(t) leey = C(;D [1 + Zi(—l)” exp(— ”Zrzpt)]

n=1
(6)
Integrating the diffusion flux over time:
t
M) = d 7
0= [ s @)

Taking equation (6) together with equation (7), the
amount of nanocarrier accumulation (M) through the
endothelial surface per unit area of the cornea can be
expressed as follows:

Dt 2 & (=1
M) =1 =Col| — — —=
(D)]x=1 = Co 7 WZ’; e

2.2
X exp(nl;r Dt) — %] (8)

So, the ideal change of unit area transcorneal diffu-
sion with time is shown in figure 2. The drug accumu-
lation rate is slow in stage A, and the reason is that the
drug is not yet totally across through the cornea. That
rate is approximately consistent in stage B, as the dis-
tribution of drug concentration in the cornea tends to
balance.

2.2.4. Statistical analysis
Statistical analysis of the results was performed using
one-way analysis of variance (ANOVA). The statistical
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Figure 3. Fluorescence intensity analysis of FITC-labeled HMMN1-3 in aqueous humor within 360 min (mean + SD, n = 5/group)
(HMMN1-3 denote nanocarrier modified with thioether, biphenyl, and thioether/phenylene, respectively.).

analysis was computed with the SPSS 21.0 (IBM,
Chicago, IL). Differences were considered significant
when p < 0.05.

3. Result and discussion

3.1. Comparison of penetration capacity of
nanocarriers

The permeation capacity of the nanocarriers was
assessed by the fluorescence intensity in the aqueous
humor, which correlates with the amount of FITC-
labeled nanocarriers permeating through the cornea.
Over a period of 360 min, the fluorescence intensity
was recorded hourly using a microplate reader.

The fluorescence intensity of HMMNI1 was sig-
nificantly higher compared to both HMMN2 and
HMMNS3 (p < 0.05), while no significant difference
was observed between HMMN2 and HMMN3 in their
transcorneal permeation capacity. Figure 3 illustrates
the fluorescence intensity of FITC-labeled HMMNI1,
HMMN?2, and HMMN3 in the aqueous humor over
6 h (mean =+ SD, n = 5 per group). The results indicate
a significant difference in fluorescence intensity
between HMMN1 and both HMMN2 and HMMN3
(p < 0.05). However, no significant difference was
observed between HMMN2 and HMMNS3 in their
ability to penetrate through the cornea. The sig-
nificantly higher fluorescence intensity observed in the
aqueous humor containing HMMN1 compared to the
other nanocarriers suggests that the thioether moieties
in HMMNI1 enhance transcorneal permeation more
effectively than the biphenyl moieties in HMMN?2 or
the thioether/phenylene combination in HMMN3.

This enhanced permeability suggests that while
thioether facilitates the transcorneal permeation pro-
cess, biphenyl may have a less pronounced effect, and

the presence of phenylene in the thioether/phenylene
combination could even negatively impact transcor-
neal permeability. These findings are consistent with
our previous results [21], which reported that thioe-
ther-hybridized HMMN exhibited the strongest cor-
neal penetration capacity.

Given the superior corneal permeability of
HMMNI, further analysis through a standard curve
experiment was conducted to establish the relation-
ship between its permeation quality and time.

3.2. Standard curve study

To calculate the diffusion coefficient, determining the
temporal variation of HMMNT1 corneal penetration
mass per unit area is required. The temporal variation
was achieved through a three-step analytical process:
First, a calibration curve was established by measuring
the fluorescence intensity of aqueous humor samples
containing known concentrations of the nanocarrier.
Subsequently, the experimentally observed fluores-
cence intensities were correlated with corresponding
nanocarrier concentrations using a linear regression
model implemented in the fitting module of Origin
2024 software. Then, the time-dependent fluorescence
intensity of the aqueous humor containing the nano-
carrier was converted to the corresponding mass of the
nanocarrier using the linear relationship established
earlier. The relationship between fluorescence inten-
sity and mass of HMMN1 is presented in figure 4.

It’s important to note that the fluorescence inten-
sity depicted in figure 3 represents the emission from
the nanocarrier contained in 50 pl of aqueous humor.
Given that the volume of aqueous humor in porcine
eyes is comparable to that in human eyes, approxi-
mately 300 pl [34, 35], the total mass of the nanocarrier
in the porcine eye was calculated to be six times the
amount present in each well of the microplate.
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Figure 5. Mass accumulation of HMMN1 in aqueous humor of one porcine eye within 360 min (mean + SD, n = 5).

Therefore, the mass of nanocarriers carried by the
aqueous humor sample (50 pl) collected from the
micropores at each sampling time point was multi-
plied by 6 to represent the cumulative amount of
nanocarriers in the aqueous humor up to that sam-
pling time.

Figure 5 illustrates the mass accumulation of
nanocarrier in the aqueous humor of a porcine eye
over 360 min, demonstrating a consistent upward
trend. Note that the one porcine eye here is the average
of the aqueous humor taken at each sampling point
(containing 5 eyes). The most pronounced increase in
mass occurred within the first 300 min, with the
growth rate per hour notably accelerating between 120
and 240 min. Subsequently, the growth rate began to
decline, showing a significant decrease during the
300-360 min interval.

This behavior can be interpreted as follows: in the
initial phase, HMMNI1 had not fully penetrated the
cornea, resulting in a low concentration in the aqu-
eous humor and a slower rate of mass increase. In the
intermediate phase, once HMMNI1 successfully per-
meated the cornea and established a stable concentra-
tion gradient, the content in the aqueous humor
increased at a relatively constant rate. In the final
phase, the cumulative mass rate of HMMNI in the
aqueous humor slowed and neared zero, likely due to
the stabilization of HMMNI1 distribution within the
cornea. As the concentration of nanocarrier at the pos-
terior corneal surface closes that in the aqueous
humor, the resulting diminished concentration gra-
dient becomes insufficient to drive further nanocarrier
permeation through the cornea. The observed trend in
the mass accumulation of HMMN1 is consistent with
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the cumulative permeation curve of riboflavin in
bovine corneas, as reported by Morrison et al [36].
Additionally, this trend aligns with findings from
Gomez-Segura et al who studied the cumulative per-
meation of carprofen in porcine corneas [37], and
Rasoanirina et al who examined the permeation of a
self-nanoemulsifying drug delivery system and
VFEND"” IV in bovine corneas [38]. The absence of a
third phase in their cumulative permeation curves,
however, may be attributed to shorter experimental
durations compared to the current study. In addition,
some emerging techniques that enhance drug penetra-
tion through corneal epithelium—such as femtose-
cond laser-assisted micro-holes [39] and low-current
iontophoresis [40]—may further improve the corneal
permeability of nanocarriers.

3.3. Corneal permeability parameters of HMMN1
The mathematical model can effectively capture
certain aspects of the actual diffusion process of the
nanocarrier within the cornea. However, due to
differences between the mathematical model and the
actual situation, a corneal thickness correction factor,
«, was introduced to better describe the real process.
The corneal thickness is 0.125 cm [41]. Therefore, the
corrected corneal thickness I” = a-l. The mathematical
model was fitted to the experimental data to obtain «
and D. As shown in figure 6, the model fits the data
better during the steady phase of the mass accumula-
tion rate.

The corrected model parameters obtained from
regression analysis of the experimental data are
a=2.93and D =4.88 x 10~° cm?/s. Meanwhile, con-
sidering that the apparent permeability coefficient
(Papp) is widely used in the field of drug development,
it can be used to evaluate the ability of drugs to pene-
trate biomembranes and predict the bioavailability

and efficacy of drugs. Papp was calculated from
figure 6 using the following equation:

AM

Pyy=— 9)
PP AtCrA

where AM /At is the slope of the linear portion of the
plot between the mass of the nanocarrier in the
aqueous humor and time, A is the area of the cornea
exposed to the diluent, and Cj is the initial concentra-
tion of the diluent.

Based on the slope of the curve during the stable
phase of the mass change rate in figure 6, which is
3.90 x 107°, the Papp of HMMNI1 across the cornea
was calculated to be 1.30 x 10~ cms ™.

The model’s fit to the experimental values was
relatively poor in the initial stages due to the omission
of gravity’s effect, which could have had a minor posi-
tive influence on the nanocarrier permeation through
the cornea. Additionally, the model assumes that the
nanocarrier at the posterior corneal surface is indefi-
nitely diluted by the aqueous humor. However, since
the volume of the aqueous humor isn’t infinite, the
concentration of nanocarriers in the aqueous humor
will eventually align with that at the posterior corneal
surface. As a result, the predictions of the model devi-
ate significantly from the experimental data in the later
stages.

As a mesoporous silica nanoparticle, the Papp of
HMMNI1 in porcine corneas (1.30 x 107 cm s ') is
higher than that of Aminated Mesoporous Silica
Nanoparticles loaded with 5-Fluorouracil (AMSN-
FU) and Aminated Mesoporous Silica Nanoparticles
coated with Carboxymethyl Chitosan and loaded with
5-Fluorouracil (AMSN-CMC-FU) in goat corneas
(2.17 x 10%cm?s™", 3.42 x 10 cm s~ 1) [42]. There-
fore, HMMN1 has great corneal permeability.

Although the porcine eye is an ideal model for
ocular drug experiments due to its similarity in
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physical size, histology, physiology, and endothelial
thickness to human eyes [43, 44], there are important
differences to consider. The corneal epithelium in the
porcine eye is approximately twice as thick as humans,
and the corneal stroma is about 30% thicker [31].
Consequently, the diffusion coefficient obtained in
this study may be slightly lower than what would be
expected in human corneal administration [45].
Despite these differences, our findings provide valu-
able data that can support experimental and numerical
studies related to the transport of nanoparticle-based
drug delivery [46].

4. Conclusions

This study investigated the transcorneal permeability
of nanocarriers modified with three distinct organic
moieties: thioether, biphenyl, and thioether/pheny-
lene. The corneal penetration experiments provided
time-dependent data on the content of each nanocar-
rier in the aqueous humor.

The findings demonstrate that thioether sig-
nificantly enhances transcorneal permeation, achiev-
ing a corneal diffusion coefficient of 4.88 x 107° cm®
s~ ' and an apparent permeability coefficient (Papp) of
1.30 x 10> cm s~ . In contrast, biphenyl modifica-
tions exhibit limited efficacy, while the thioether/phe-
nylene modification shows poor
permeability, suggesting that phenylene potentially
impedes permeation.

These results not only advance understanding of
the corneal permeation process of nanocarriers and
the significant role played by organic groups in this
process, but also provide valuable data references for
future experimental and numerical simulation studies
on nanocarriers.

transcorneal
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