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KEY WORDS Abstract Dexamethasone (DEX) is used to treat ocular surface diseases. However, regulating DEX
duration in tears while preventing its absorption into the anterior chamber is critical for balancing its ther-
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apy effects and the side effects. In this study, a novel magnetic nanoparticle (MNP)-micelle (MC) co-

Micelle; . o .

Delf(Zmeethasone' delivery system (MMDS) was developed. The MC moiety in the MMDS served as the carrier for
Eye drop; ’ DEX and the MNP part endowed the MMDS with magnetic-responsive properties. To extend its resi-
Bioavailability; dency, the MMDS was magnetically attracted by an external magnet after instilling, which acted as a
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precorneal drug-depot enabling a sustainable release of DEX in tears. With combination of magnet treat-
ment, the topical instillation of MMDS@DEX significantly prolonged the DEX-retention in tears and
increased the DEX-concentration in the cornea and conjunctiva, as well as concurrently reduced the

DEX-level in the aqueous humor, when compared with the commercial DEX eye drop treatment. The
combination of MMDS@DEX and magnet treatment exerted significantly better therapeutic effects
against DED with smaller side effects than conventional treatments including DEX suspension, commer-
cial DEX eye drops, as well as the MMDS@DEX treatment alone. The present work provided a new
method for the effective delivery of DEX to ocular surface tissues while reducing its side effects, which
will be beneficial to the treatments of a wide range of ocular surface diseases.

© 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Dry eye disease (DED), a multifactorial disease with tear hyper-
osmosis and persistent ocular surface inflammation, is identified
as a localized autoimmune disease characterized by the loss of
homeostasis of immune regulation'”. Under DED conditions, the
hyperosmotic tear upregulates the pro-inflammatory cytokine in
the cornea and conjunctiva, which activates the antigen-presenting
cells (APCs) and thus results in the activation of CD4" T cells.
The CD4" T cells migrate towards the cornea and conjunctiva to
evoke the inflammatory cascade reaction, thus causing the losses
of corneal epithelium and conjunctival goblet cells®”. Our recent
findings have demonstrated that the NLRP3/Caspase-1/GSDMD
mediated corneal epithelium pyroptosis is involved in DED-
induced corneal epithelium loss™. NLRP3 (nucleotide-binding
domain, leucine-rich-containing family, pyrin domain-containing-
3) has the ability to sense and detect a range of stimuli including
irritants, microbes, and danger signals. The interaction of these
stimuli with NLRP3 causes the formation and activation of
NLRP3 inflammasome, which results in the release of pro-
inflammatory cytokines IL-1 and IL-18 in a caspase 1-dependent
manner as well as the occurrence of gasdermin D-mediated
pyroptotic cell death’. In view of these facts, it has been re-
ported that a range of inhibitors have been developed to inhibit
NLRP3 inflammasome such as dexamethasone (DEX)® .

DEX acts in anti-inflammatory fashion by inhibiting the ag-
gregation of inflammatory cells as well as attenuating the
expression of inflammatory cytokines in the matrix''. In addition,
it inhibits immune responses by suppressing cell mediated im-
mune reactions and preventing delayed-type hypersensitivity
(DTH) reactions'>'?. DEX is one of the most commonly pre-
scribed drugs in ophthalmological clinics for treating
inflammation-related eye conditions such as allergies, shingles,
iritis, uveitis, injury, infection, efc. It works by relieving symptoms
such as swelling, redness, and itching. However, repeated instil-
lation of DEX will lead to escalating in intraocular pressure (IOP)
after being absorbed into anterior chamber, which are generally
considered as its major side effect''>. Therefore, strategies for
increasing lacrimal DEX concentration while preventing its ab-
sorption into anterior chamber are especially important to balance
its therapy effects and side effects, while DEX is topically
administrated to treat ocular surface diseases (e.g., DED).

Considering the potential of DEX, several types of DEX eye
drops are formulated and commercially available for varying eye-
related conditions. However, one of the critical drawbacks of the

existing DEX formulations is that their low bioavailability re-
quires the need for frequent addition, which causes off-target
toxicity issues. The sealed anatomical structure of eyes as well as
the rapid tear renewal which can rapidly eliminate the drug from
eye surface are the key barriers to effective drug delivery in ocular
surface medication'®'”. Due to its hydrophobic nature, DEX is
insoluble in tears (appears as a turbid suspension), which makes it
easily to be removed away from eye surface after topical admin-
istration. DEX implants such as Dextenza® and Ozurdex® can by-
pass these onsite barriers because they were developed as the
DEX-depot, having the ability for localized sustainable release of
DEX, which remarkably increased the DEX-bioavailability and
achieved long lasting effects with one time treatment'®'”. How-
ever, as an intravitreal implant, Ozurdex® is not suitable for
treating ocular surface diseases. Dextenza® is an intracanalicular
insert which can be implanted in the lower lacrimal punctum to
treat allergic conjunctivitis. It is limited as the operation and
handling procedure require a skilled doctor (or someone who is
professionally trained). On the other hand, several nano/micro-
particles including microspheres, liposomes, nano-capsules, and
nano-somes were developed to enhance the in vivo bioavailability
of drugs and simultaneously reduce their side effects after sys-
temic or topical administration”>*. Among such nano-strategies,
amphipathic co-polymers-based systems can encapsulate DEX by
hydrophobic interaction forming nano-scaled formula, which
could enhance DEX’s ability for resistance to the onsite barriers
on eye surface™ ®**. We recently developed a positive charged
nano micelle with HKHKHK (peptide) modification, which
significantly prolonged the retention of the hydrophobic agents on
eye surface'®. However, these strategies also enhanced trans-
corneal transporting of the cargo'®*>*°, and thus could increase
side effects as well.

Since prolonging drug retention on eye surface concurrently
reduces its intraocular transportation, in the present work, we
developed a new micelle (MC)-magnetic nanoparticle (MNP)
conjugated co-delivery system (MMDS, Fig. 1). The MC was
chemically conjugated with the MNP by Michael addition re-
action. The MC moiety in the MMDS serves as the carrier for
hydrophobic molecules, while the MNP part endows the MMDS
with magnetic responsive properties. After instillation, the drug
(in the MMDS) on eye surface can be tracked and remote-
controlled by external magnet, which enhances its ability for
resistance of tear scour, thus endowing it with long residency on
eye surface and concomitantly reducing it to be absorbed into
the anterior chamber. Theoretically, the retention of the drug (in
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Figure 1  Anillustration of the engineering dexamethasone (DEX)-micelle and magnetic nanoparticle (MNP) co-delivery system (MMDS @DEX)

as a precorneal DEX-depot for effectively DEX-delivery towards eye-surface tissues to balance its therapy effects and the side effects.

the MMDS) can be easily remote-controlled by regulating the
intensity of the external magnetic field. With attraction by
external magnet, the MMDS (MMDS+MA) can act as the
onsite precorneal drug depot for sustainable release of
ophthalmic hydrophobic agents (e.g., DEX, FK506, fluo-
rometholone), which can significantly enhance their bioavail-
ability. Since the low bioavailability is the major limitation of
commercial eye drops, the present work provided a new method
for the effective delivery of hydrophobic agents to ocular sur-
face tissues while avoiding their side effects, which will be
beneficial to the treatments of a wide range of eye surface
diseases.

2. Materials and methods
2.1.  Chemicals and materials

The AR grade chemicals for MNP preparation and modification
including sodium acetate trihydrate (14.4 g), MgCl,6H,0,
FeCl36H,0, and methacrylic acid purchased from Sigma—Aldrich.
A new peptide modified micelle (PEP-MC) was employed in this
study. The sequence of the peptide, obtained from GL Biochem
(Shanghai) Ltd., is HKHKHK. The materials and process for the
PEP-MC preparation were consistence with our previously
report'®. Nile red and DEX were purchased from J&K Chemicals
Co. (Beijing, China). The human cornea epithelial cells (HCECs)
were original from ATCC (Manassas, VA, USA). The chemicals
and materials for cell culturing including DMEM-F12 liquid, fetal
bovine serum, and insulin were supplied by Gibco (City, CA,
USA). Cell counting kit-8 (CCKS) for cell viability assessment was
supplied by Dojindo Laboratories (Kumamoto, Japan).

2.2, Preparation and modification of MNPs

The iron based MNPs were prepared using solvent-thermal
method”’ with some modifications. Briefly, 7.2 g of sodium ace-
tate trihydrate (14.4 g), 1.02 g of MgCl,6H,0 (2.04 g) and 2.7 g of
FeCl; 6H,0 (5.4 g) were mixed in 160 mL of ethylene glycol. The
mixture was then transferred to a 500 mL round bottom flask. It

was refluxed under 180 °C overnight under vigorously stirring.
After cooling, the resultant MNPs were harvested by magnetic
decantation. The MNPs were washed with water (3 times) and
ethanol (3 times) to remove contaminants. After magnetic
decantation, the obtained MNPs were dried in a vacuum oven at
60 °C, and 1.5 g of MNPs were harvested. To obtain the MNP
with double bond on its surface, they were further modified with
methacrylic acid (MMA). The MNPs (40 mg) were re-suspended
in an aqueous solution containing varied amounts of MMA. The
mixture was incubated in a constant temperature shaker for 48 h at
a shaking rate of 100 rpm. The MMA was attached onto MNPs by
the interaction of COOH in the MMA and the hydroxyl groups on
the surface of MNPs***°. The MMA modified MNPs (mMNPs)
were harvested by magnetic decantation. The attachments of
MMA onto the MNPs were analyzed using thermogravimetric
(TGA) and inductively coupled plasma mass spectrometer (ICP-
MS). Theirs hydrodynamic size, PDI, zeta potential, as well as
their stability in the aqueous solution were determined using
Malvern ZS-90 dynamic light scattering laser particle size
analyzer (DLS).

2.3.  Preparation and characterization of the MMDS

The PEP-MC was prepared and characterized in our previous
report'®. The sequence of HKHKHK was applied which endows
the enrichment of PEP-MC in the primary amino group on its
surface. The PEP-MC was conjugated to mMNPs using Michael
addition reaction. Briefly, the PEP-PGE-PBG based MC was
mixed with mMNPs in sodium hydroxide solution and incubated
in room temperature overnight for sufficient reaction. The MMDS
was harvested using magnetic decantation. The conjugation rate of
mMNPs onto the MC was determined TGA and ICP-MS. The
morphologies of MMDS were observed by transmission electron
microscopy (TEM, Tecnai G2 F20 S-TWIN, FEI).

2.4.  Encapsulations and release of DEX

For the encapsulation of DEX, varied amounts of DEX was mixed
with 1 mg of MMDS in DMF (1 mL). After adding excessive
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distilled water drop-wise under stirring, DEX was entrapped into
the hydrophobic core of the MMDS by hydrophobic interaction.
The DEX entrapped MMDS (MMDS@DEX) was harvested by
magnetic decantation. After freeze-drying, the MMDS @DEX was
weighted and redissolved in DMF to release the entrapped DEX.
After magnetic decantation, the supernatant (containing the
released DEX) was obtained, and subsequently diluted with
methanol. The DEX was quantitatively analyzed using a UPLC
(Shimadzu LC-8050) coupled with tandem MS with an electro-
spray ionizer (ESI) and a triple quadrupole mass analyzer, sepa-
rated by an Shim-pack XR-ODSIII column (2.0 mm id x 50 mm,
particle size: 1.6 pm). After appropriate dilution, 2 pL of the
sample was loaded onto the column, and eluted by 0.1% formic
acid (in distilled water, A phase) and acetonitrile (B phase) at a
speed of 0.4 mL/min with the following gradient process:
0—4.5 min, 20%—90% B; 6 min, 90% B; 7 min, 20% B; 9 min,
20% B. The targets were monitored under multiple reactions
monitoring (MRM) mode in positive ionization mode with a
capillary voltage of 4 kV. The gas flow rates for nebulizing, dry-
ing, and heating were fixed at 3, 10 and 10 L/min, respectively.
The temperature of the interface, desolvation area, and heart block
were set at 400, 150, and 450 °C, respectively. The integral peak
area of the ion with m/z 393.4 > 355.1 was adopted for the
quantification. The encapsulation rate (ER) of DEX was expressed
as the percentage of the encapsulated DEX in MMDS @DEX.

The in vitro release profiles of DEX from the MC and MMDS
were determined using the method described previously'®, with
minor modifications. Briefly, 1 mL of varied DEX formulas (DEX
in the MC, DEX in the MMDS, or DEX suspension) containing
0.2 mg of DEX were embedded into dialysis bags with a molecule
weight cut off 3500 Da. They were then dialyzed against 30 mL of
distilled water under 37 °C at a shaking rate of 150 rpm. At
regular time intervals, 2 mL of the dialysate was replaced with
fresh water. The DEX in dialysate was quantitatively analyzed by
UPLC-MS-MS using the above-mentioned method.

To visualize the magnetic responsive properties of the MMDS,
the Nile red (fluorescence probe) instead of DEX was loaded into
the MMDS. The suspension of Nile red encapsulated MMDS
(MMDS@NR) was then treated by a magnet. The behaviors of
MMDS@NR under external magnetic field were recorded by a
digital camera. To further quantify its magnetic responsive prop-
erties, the Nile red encapsulated MC (MC@NR) was reacted with
varied amounts of mMNPs producing varied MMDS@NRs con-
taining different amounts of mMNPs. The MMDS@NRs (with
different mMNP contents) were harvested using magnetic
decantation, while the un-reacted MC@NR presenting superna-
tants were discarded. After washing twice with fresh water, the
MMDS @NRs were resuspended in DMF to release the encapsu-
lated Nile red. After being appropriately diluted, the Nile red in
DMF was then quantified by measuring the fluorescence intensity
(excitation at 543 nm; emission at 598 nm).

2.5.  The in vitro and in vivo toxicity evaluation

The cytotoxicity of MNPs, mMNPs, and the MMDS against
HCEC were evaluated using the CCK-8 assay®. Briefly, the HCEC
was maintained in DMEM-F12 (Gibco) medium supplemented
with FBS (10%, v/v, Gibco), insulin (5 pg/mL), and epidermal
growth factor (10 ng/mL). An aqueous solution of HCEC was
seeded in a 96-well plate at a density of 5000 cells per well. The
96-well plates were kept in an incubator under 37 °C with at-
mospheric conditions of 5% CO, and 90% humidity. To evaluate

the cytotoxicity, the HCEC was co-cultured with different
amounts of MNPs, mMNPs, and the MMDS for 24 and 48 h,
respectively. The cell was then cultured for 2 h in the medium
containing 10% (v/v) of the CCK-8 liquid. The absorbance at
450 nm was recorded. Cell survival rate was calculated as the
percentage of absorbance from treated cells to that of untreated
control cells. The in vivo cumulative toxicity of the MMDS was
evaluated by continuously dropping of MMDS suspension (15 pL,
7.8 mg/mL) into the conjunctival sac of healthy C57BL/6 mice
(age: 6—8 weeks, weight: 18—22 g) for 5 days at a frequency of 3
times a day. The in vivo safeties of the MMDS with presence and
absence of external magnet treatment were compared. The corneas
of the animals underwent general ophthalmological examination
by a slit lamp after fluorescein sodium staining'®'’, in which all
the factors harmful to corneas were recorded as green dots. The
sections of the corneas from the animals receiving varied treat-
ments were prepared and H&E-stained. Any histological changes
in the cornea were recorded by a microscope. Excess iron depo-
sition in the cornea and conjunctiva can be toxic to these tissues
by generating oxygen free radicals through the Fenton reaction™.
The content of Fe in the cornea and conjunctiva respectively was
determined using ICP-MS after continuous MMDS exposure. The
situations with and without external magnet presence were
compared.

DEX leads to an increase intra-ocular pressure (IOP) which is
recognized as the major side effects when applied to ocular sur-
face. The in vivo changes in IOP were measured on healthy ani-
mals after reviewing following treatments: 1) MMDS @DEX with
magnetic attraction (MMDS@DEX+MA); 2) MMDS@DEX
without magnetic attraction (MMDS@DEX); 3) commercial
DEX eye drops; 4) DEX suspension; 5) without any treatment.
The animals were continuously instilled with 30 pL of DEX
formula (DEX concentration: 0.2 mg/mL) for 12 days at a fre-
quency of 5 times/day. Their IOPs were measured 2 h after DEX
administration.

In vivo assessment of the effects of external magnetic field on
the MMDS@DEX distribution: to understand whether the distri-
bution of DEX can be remotely controlled by external magnetic
field, the DEX-MMDS instillations with or without magnet
treatment were conducted; and the concentrations of DEX in tears,
corneas, conjunctivas, and the aqueous humor were determined in
time course after administration. To evaluate the DEX retention in
tears, 30 pL of MMDS@DEX (containing 0.2 mg/mL of DEX)
was instilled into the conjunctival sac of rabbits. At designated
time interval, tears were sampled by emerging filter paper
(1x1 cm) into tears for 5 s'®. The DEX was extracted from the
filter papers by soaking the sampling paper in 1 mL of methanol
for 10 min under ultrasound treatment'®. After appropriate dilu-
tion, the DEX was quantitatively analyzed by UPLC coupled with
tandem MS using the above-mentioned method. At 0.5, 2, 4, and
8 h of treatments, the animals were sacrificed, and their corneas
and conjunctivas were extracted. The obtained tissues (corneas or
conjunctivas) were scraped into cyclic shape with a trephine
(5 mm in diameter). They were then finely grounded in a solvent
of methanol/acetonitrile (8/2, v/v) to release the DEX. The
resultant samples were then subjected to ethyl acetate extraction.
After removing ethyl acetate by nitrogen flow, the samples were
re-dissolved in methanol, and the amount of DEX in each piece of
tissues (= 19.625 mm?) was determined. The corneal permeability
of MMDS @DEX with or without magnet treatment was assessed
by measuring the DEX concentration in the aqueous humor at 15,
30, 60, 120, 240 min after administration.
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2.6. Invivo therapy effects against DED

The C57BL/6 mice (age: 6—8 weeks, weight: 18—22 g) were ob-
tained from Shanghai Jiesijie Experimental Animal Co., Ltd.
(Shanghai, China). They were maintained in the Experimental An-
imal Center of Wenzhou Medical University (WMU). For DED-
modeling, the mice were kept in an air-conditional oven with
environmental conditions of 21—23 °C in temperature, 13.1 &+ 3.5%
in humidity, and 2.1 + 0.2 m/s in air flow'’. The experiments were
conducted with following groups (treatments): 1) DED animals with
MMDS@DEX instillation and magnet attraction; 2) DED animals
with MMDS@DEX instillation; 3) DED animals with commercial
DEX eye drop instillation; 4) DED animals with DEX suspension
instillation; 5) DED animals with PBS instillation; and 6) healthy
animals with PBS instillation. The animals were continuously
treated with 15 pLL of DEX formula (0.2 mg/mL) at a frequency of 3
times/day. The animals were medically examined by a skilled doctor
using a slit lamp microscopy according to the previous method'®.
After staining with 2% fluorescein, the corneas were observed under
slit lamps. All the defections in the cornea were fluorescein-stained
and thus exhibited as green signal under slit lamps. The progress of
DED can be graded by the profile of cornea fluorescein staining
according to the criteria provided by the National Eye Institute
(USA). Specifically, the cornea was separated into the central-,
bitemporal side-, nasal side-, upward-, and downward-regions. The
staining spots in each region were evaluated and scored by a skilled
doctor according to the standard of marking no obvious staining as
“0”, and the spread-, diffused-, and agglomerate-staining as “1”,
“2”, and “3”, respectively. The total score for each animal was the
sum of the score of each region. The animal experiments were
reviewed and approved by the Ethical Review Committee for
Experimental Animals in Wenzhou Medical University.

2.7.  qPCR assay

The mRNA was extracted using RNeasy Mini Kit (QIAGEN,
Crawley, UK). After sacrificing the animals, the tissues were
extracted and cut into small pieces. To release the mRNA, the tis-
sues were disrupted in the buffer RLT (500 pL, RLT: (-
mercaptoethanol = 100:1), and then mixed with 70% ethanol so-
Iution (500 pL). After loading onto the RNeasy Mini spin column,
the mRNA was obtained by eluting this column following the
process provided by the manufactory. After reverse-transcribing the
obtained mRNA to complementary DNAs (cDNAs), qPCR was
operated on a realtime PCR machine (CFX96, Bio-Rad, USA)
employing the Platinum SYBR Green qPCR SuperMix-UDG
(Invitrogen, Carlsbad, CA, USA). The primer sequence for target
genes was listed in Supporting Information Table S1. The expres-
sion of GAPDH which serves as an internal control was tested
concurrently. The mRNA expression levels of target genes were
calculated by comparing their threshold cycle of target genes and
the internal control (GAPDH). Each treatment was conducted with
3 times of biological duplication. Each sample was performed with
3 times of the parallel PCR amplification.

2.8.  Enzyme-linked immune sorbent assay (ELISA)

The eye surface tissues from the experimental animals were
extracted and cut into small patches. The tissue patches were
merged in the tissue lysis buffer and grounded for 10 min and
sequence lysis for another 2 h (operated under ice bath). The con-
tents of crude proteins in the lysates were quantitatively analyzed

using Pierce™ BCA Protein Assay Kit following the process pro-
vided by the manuscript. After appropriate dilution, the contents of
IL-18 and TNF-« in tissues after receiving varied treatments were
measured using ELISA kit (abs520001 and abs520010, Absin,
Shanghai, China) according to the manufacturer’s instructions.

2.9.  Histochemical examinations

The eyeballs of the animals receiving varied treatments were
enucleated and fixed in 4% paraformaldehyde overnight. After
embedded in paraffin, the sections with a thickness of 5 um were
prepared. To evaluate the protective effects on conjunctiva goblet
cells, the conjunctiva section originated from animals receiving
varied treatments were stained and examined using Glycogen Pe-
riodic Acid Schiff (PAS/Hematoxylin) Stain Kit (G1281, Solarbio
Co., Shanghai, China) according to the manufacturer’s instructions.
The morphologies of goblet cells in conjunctivas were recorded by
a Nikon digital camera at 20x magnification. The TUNEL assay
was then adopted to evaluate the protective effects of these treat-
ment on corneas using previously reported method®'.

2.10.  Statistical analysis

Statistical analyses were conducted, and one/two-way analysis of
variance (ANOVA) was adopted to examine all the significant
differences existed in the outcomes of varied treatments at con-
fidence levels of 95% (*P < 0.05), 99% (**P < 0.01), and 99.9%
(***P < 0.001).

3. Results and discussion

3.1.  Preparation and characterization of MNPs and mMNPs

The synthesis process for MMDS preparation is shown in Fig. 2A.
The MNPs were obtained by the reaction of FeCl;6H,0,
MgCl,6H,0 and sodium acetate trihydrate in thermos-solvent
(180 °C), and were further modified with methacrylic acid
(MMA), resulting in MMA grafted MNPs (mMNPs). To prepare
the MMDS, the double bond of MMA-MNPs was coupled with
the MMDS and was formed by the coupling of mMNPs and MMA
grafted MNPs (mMNPs) from the amino groups on the surface of
the peptide modified MC (preparation and characterization of the
peptide modified MC present in our previous report'®) in an
alkaline solution. The phase structures of MNPs and mMNPs were
determined using X-ray diffraction (XRD, Fig. 2B). Peaks at 2-
theta degree (2-0) of 21.5°, 35.2°, 41.5°, 50.6°, 63.2°, 67.5°, and
74.4° are consistent and corresponding with PDF#73-2211 data
for Fe,MgO, nanoparticles described in previous reports>>2,
Modification of MNPs with MMA does not cause significant
impact on its characteristics of phase structures. To understand the
chemical state of iron in MNPs and mMNPs, samples were sub-
jected to X-ray photoelectron spectroscopy (XPS) analysis, where
survey scanning of MNPs and mMNPs suggested that they contain
the elements of Fe, O, Mg, and C (Supporting Information
Fig. S1). The high-resolution scanning spectra at the binding en-
ergy range of 700—740 eV appeared two-character peaks at
710.7 eV (accompanied with a satellite peak at 719.4 eV) and
724.4 eV (accompanied with a satellite peak at 733.7 eV)
(Fig. 2C) are corresponding to the Fe 2p 3/2 and Fe2p 1/2 of
Fe,05*7, respectively. The high-resolution scanning spectra for
Ols of MNPs is present in Fig. 2D. As depicted, the Ols spectrum
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Characterization of the MNP and mMNP. (A) Schematic illustration of the process for MNP modification and MMDS preparation.

(B) XRD patterns of the MNP and mMNP. (C) and (D) High-resolution XPS spectra of the MNP with peaks fitting Fe (Fe 2p3/2 and Fe2p1/2) and
O (Ols). (E) and (F) High-resolution XPS spectra of the mMNP with peaks fitting Fe (Fe 2p3/2 and Fe2p1/2) and O (Ols). (G) TGA diagrams of

the MNP with modification by varied amounts of methacrylic acid. (H)
expressed in mean + SD (n

Attachments of the MMA onto MNP (measured by ICP-MS). Data are

4). (I) Changes in the wettability of the mMNP with grafting varied amounts of MMA. Data are expressed in

mean £ SD (n = 3). (J) and (K) Changes in the size and zetapotential of the mMNP, respectively, with grafting varied amounts of MMA. Data are

expressed in mean = SD (n > 5).

has a typical peak at the binding energy of 530.08 eV, indicating
the existence of metal oxide®’. The peak for Ols in spectrum of
MNPs could resolve into peaks including Fe—O lattice oxygen
(529.9 eV)*, Mg—O lattice oxygen (530.5 eV)*®, and surface
hydroxyl (C—OH, 531.7 eV)**. No obvious difference in XPS
spectra can be observed between MNPs and mMNPs (Fig. 2E and
F and S1B), suggesting MNPs with MMA does not significantly
impact chemical states of Fe and Mg in the magnetic nanoparticle.

The MMA was attached onto the surface of MNPs with
hydrogen bond interaction between the carboxyl group (in MMA)

and the hydroxyl group (on the surface of MNPs). After mixing
with varied amounts of MMA, the amount of MMA attached onto
the surface of MNPs was determined by thermogravimetric
analysis (TGA) and the inductively coupled plasma mass spec-
trometry (ICP-MS). As shown in Fig. 2G, there are no obvious
mass loss at the operating temperature of <180 °C, suggesting
there are no water (free and combined) existed on the surface of
MNPs. Slight weight loss (less than 1% of mass losses) was
observed at the temperature range of 185—500 °C, probably due to
the minor glycol (boiling point 197.30, applied as the solvent for
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MNP preparation) contamination on the surface of MNPs. After
modification with MMA, the mMNPs exhibited two distinct
weight loss steps in the temperature range of 30—500 °C, where
the first weight loss (30—180 °C) is mainly contributed by the
removal of the water on the surface of nanoparticles, while the
second weight loss (200—400 °C) is attributed to the loss of
MMA. The amounts of MMA in mMNPs were quantitatively
analyzed by ICP—MS using pristine MNPs as the standard. With
the increase in the feeding ratio of MMA/MNP, the MMA on the
surface of MNPs was increased (Fig. 2H). It reached 12% of the
total mMNP amount, when feeding ratio of 5/1 (MMA/MNP, w/w)
were applied (Fig. 2H). Moreover, changes in wettability of
nanoparticle modification with MMA were observed. After
modification with MMA, the contact angles dramatically dropped
from 92 (bare MNPs) to 60 (feeding ratio of MMA/MNP = 1:5)
(Fig. 2I), indicating the increase in wettability after modification.
These results explain the obvious weight loss (loss of surface
water) in the temperature range of 30—180 °C in the TGA
assessment of mMNPs (Fig. 2G). The changes in hydrodynamic
size, zeta potential, and PDI were assessed by a Marven ZS-90
dynamic light scattering (DLS). The pristine MNPs exhibited as
aggregated heterogeneous particles with a hydration size varying
from 600 to 1000 nm (Fig. 2J) and PDIs>0.5 (Supporting
Information Fig. S2). Significant drop of the particle sizes as
well as the PDIs were observed after attachments of MMA onto
MNPs. Nanoparticles with a hydration size around 260 nm and
PDI of 0.18 were achieved, when feeding ratio of 5/1 (MMA/
MNP, w/w) was applied (Fig. 2J and S2). The zeta potentials
decreased from 25 to 15 mV with the increase of the feeding ratio
of MMA/MNP from 0/1 to 5/1 (Fig. 1K), which further confirmed
the attachment of MMA onto MNPs.

The stability of MNPs and mMNPs were assessed by moni-
toring the changes in size, PDI, and count rate in time course using
DLS. As shown in Supporting Information Fig. S3A, pristine
MNPs were unstable and aggregatively sinking to the bottom of
the bottle in 2 h at which time point most of mMNPs are sus-
pended in the aqueous solution. Moreover, a large part of mMNPs
is remain suspended in the aqueous solution even with the static
cultured for 1 day, which indicated obviously improvement in the
stability of the nanoparticles in the aqueous solution after modi-
fication of MMA. Dramatically changes in hydration size, PDI,
and count rate of bare MNPs were observed during the monitoring
time range (Fig. S3B—D), while their changes maintained at
certain values for mMNPs, which further indicated the enhanced
stability of these nanoparticles after MMA medication. These
results were consistent with the observation shown in Fig. S3A.
Additionally, it is evident that increasing the feeding amount of
MMA from 0.5/1 to 5/1 does not likely further improve its
stability.

3.2.  Preparation and characterization of the MMDS

The mMNPs were chemically conjugated with peptide
(HKHKHK) modified micelle (PEP-MC) by Michael addition
reaction through C=C double bond of mMNPs and amino groups
in the PEP-MC under alkaline conditions. The resultant product
was harvested using magnetic attraction. The conjugation rates of
the micelle onto mMNPs were determined by measuring the
mMNP contents in the MMDS using ICP-MS technique. As
shown in Supporting Information Fig. S4, the increase of the
alkaline concentration from 0.5 mmol/L to 1 mmol/L significantly
improved the reaction between the C=C double bond and amino

groups, which increased the ratio of micelle in the MMDS from
11% to 45%. However, further increase in the alkaline concen-
tration did not facilitate the further conjugation of mMNPs and
PEP-MC. The chemical structure of MMDS was investigated
using Fourier transform infrared spectroscopy (FT-IR) and
Raman spectroscopy techniques. The FT-1IR spectra of HKHKHK
modified PEG-PBG has shown primary amine N—H stretching
vibration (symmetrical vN_p, ¢; and asymmetrical, vy_y, as) at
3296 cm” !, the characteristic C—H bending vibration (0c_p)
peaks for mono-substituted aromatic ring at oc_y 744 and
696 cmfl, as well as the amide I, II, and III band at 1650, 1545
and 1240 cm™" (Supporting Information Fig. S5A), respectively,
which are consistence with our previous report'>. The FT—IR
spectra of MNPs exhibited an O—H stretching and bending vi-
bration band at 3412 and 1652 cm™", respectively (Fig. 3A)™. The
characteristic Fe—O stretching and bending vibration peaks were
observed at 548 and 435 cm™', respectively’”*’. The peaks at
1728, 1425, and 1370 cm ™" in the FT—IR spectra of mMNPs were
attributed to the stretching vibration of C=0 (in the carboxyl
group), and C—H stretching vibration in CHj;, which further
confirmed the successful attachment of MMA onto MNPs.
Furthermore, the peaks at 3447, 1731, 1586, 1354, and 1241 cm ™!
(contributed by PEP-PEG-PBG), as well as the characteristic
Fe—O stretching and bending vibration peaks at 545 and
436 cm™' can be observed in the FT—IR of MMDS, indicating the
obtainment of the MNP and MC conjugated co-delivery system.
These results can be further confirmed by Raman spectra (Fig. 3B
and Fig. S5). The amounts of PEP-PEG-PBG grafted onto MNPs
were evaluated by TG and ICP—MS. As shown in Fig. 3C,
increasing the feeding ratio of MNP/MC, the amounts of MC in
the harvested MMDS (by magnetic attraction) were increased
from 10% to 35%, which can be further confirmed by the results
of TG (Fig. 3D). The wettability of the MMDS was enhanced with
the increase in the content of MC in the MMDS (Fig. 3E). The
MMDS has hydration sizes around 500—700 nm with PDIs of
0.3—0.4 (Fig. 3F and G). The mMNPs are positively charged with
nanoparticles with a zeta potential of 15 mV (Fig. 3H). After
conjugation with the micelle, the zeta potentials of mMNP-MC
(MMDS) became negatively charged with a zeta potential vary-
ing from —10 to —20 mV (Fig. 3H). The stability of MMDS in the
aqueous solutions was evaluated by tracing the changes in the
hydration size, PDI, and zeta potential by DLS. As depicted in
Fig. 31 and Supporting Information Fig. S6, the resultant MMDS
produced by feeding ratio of mMNP:MC = 1:1 of the conjugation
reaction (with the MC content less than 10%) is unstable and
aggregatively forms large particles within several minutes. The
morphologies of MMDS, mMNPs, and MNPs were observed by
TEM. As shown in Fig. 4A and B, the MNP spherical nanoparticle
mainly composed by Fe and O elements. The TEM images of
MMDS possessed high contrast (attributed to MNPs) areas and
low contrast areas (attributed to MC) (Fig. 4C and D, Supporting
Information Figs. S7 and S8). The Fe-element was distributed on
the MNPs moiety (high contrast areas, exhibited as several sepa-
rated particles) of MMDS (Fig. 4C and S8). While the C- and
N-elements which mainly contributed by the MC moiety were
eventually distributed in both the high contrast and low contrast
areas (Fig. 4C and S8). These results suggested that several
separated MNPs (high contrast under TEM) were connected by
MC (low contrast under TEM), thus forming MNP and MC
conjugated nano/micro-structures. Furthermore, the high-
resolution TEM (HRTEM) images of MMDS reveal a regularly
crystal system with obvious lattice fringes at a distance of 0.35 nm
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Figure 3  Characterization of the MMDS. (A) FT—IR spectra of the

MNP, mMNP, and MMDS. (B) Raman spectra of the MNP, mMNP, and

MMDS. (C) TGA diagrams of the MMDS produced by the chemical conjugation of MC and mMNP at varied ratios. (D) The content of MNP in
the MMDS (measured by ICP—MS). Data are expressed in mean £ SD (n = 4). (E) Changes in the wettability of the MMDS after grafting varied
amounts of micelle (MC). Data are expressed in mean &+ SD (n = 3). (F), (G) and (H) Changes in the size, PDI and zetapotential of the MMDS,
respectively, after conjugation of varied amounts of MC. Data are expressed in mean &+ SD (n > 5). (I) Size changes in the MMDS.

(Supporting Information Fig. S9). To visualize the magnetic
responsive activity of MMDS, the Nile red was encapsulated into
the MC moiety of MMDS (MMDS@NR), and subsequently
treated by an external magnet. As shown in Fig. 4E, Supporting
Information Video 1 and 2, MMDS@NR can be attracted by an
external magnet. As noticed, increasing the amounts of MNPs in
the MMDS enhanced their magnetic-responsible effect, thus
promoted the recovery of MMDS @NR under the action of magnet
(Fig. 4F).

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.apsb.2024.05.004

3.3. MMDS@DEX+MA prolongs DEX-retention in tears while
preventing its intraocular transporting

Tear renewal poses a major non-anatomical barrier for eye surface
medication as it can quickly eliminate the drugs from eye sur-
face'®. The MMDS provided resistance to tear circulation with the
assistance of external magnetic field (Fig. 5A). DEX was encap-
sulated into the MMDS (MMDS@DEX) by hydrophobic

interaction, achieving 2%—3% of the encapsulation rate (Fig. 5B).
The encapsulation rates were lower than other similar self-
assembly systems (usually 5%—10%)'®***"**'_ The ratio of MC
moiety (serving as DEX carriers) in the MMDS was around 45%,
which could explain its low DEX-loading capacity. The released
profiles of DEX from the MMDS and MC were investigated. As
shown in Fig. 5C, both MMDS and MC could accelerate DEX-
diffusion out from dialysis bag to dialysate, when compared to
DEX suspension. The pH value of tears ranges from 6.8 to 8.2,
which is mainly affected by age, time of day, eye closure, as well
as prolonged eye opening®’. The DEX-release from the MMDS
under different pH conditions was investigated. As depicted, the
DEX was much easier to be released out from the MMDS in
neutral or alkaline conditions, when compared with that in acidic
conditions. This could facilitate its application in eye surface
medication featuring low drug-bioavailability on account of rapid
drug-elimination by lachrymal renewal.

The suspension of MMDS @DEX was topically instilled into
the conjunctiva sac of the experimental animals. To enhance the
retention of MMDS@DEX on eye surface, the eyes of the ani-
mals were covered with devices containing a magnet (Fig. 5A).


https://doi.org/10.1016/j.apsb.2024.05.004

3738

Qinxiang Zheng et al.

MNP
(High contrast area)

Micelle

100 ""; (low contrast area)

e

B 40 D
> 12.0 Atomic ratio of C/Fe=2.16
— 8 Atomic ratio of C/Fe=0.38 o o i
‘3 3.0 Mass ratio of C/Fe=0.08 £ 1001 Mass ratio of C/Fe=0.29
¢ F
3 g 804
] =
< 2.01 = 6.0{€
. Fe @ 2 Fe Fe
£ G 40
2 1.0 5
2 c t 201
£ Fe = Fe
0.04 ; . » W A 0.0+ * ; : 4. ‘ —
0.0 2.0 4.0 6.0 8.0 10.0 0.0 20 4.0 6.0 8.0 10.0
Energy (keV) Energy (keV)
1 . . Remove
E Magnetic attraction F i:IIIVTer:)dS superatant Resuspension
Pre-treatment Os 60s Post-treatment 15+ ] 3
Magnet -Z’ f
(- z J J
g <
= c >
. U = [ = o 104 Magnetic
g attraction
8
. Chemical jry —————-——~n . Chemical ]
Mixture conjugation | 17~ MNP 1| Mixture conjugation .
s E 4+ '@nile red inmicelle' | 4-+ @ E =
— |, — ;L i T T T — — S
i | -
? £
[
©

Figure 4

Nile red micelle : mMNP (w/ w)

Morphologies and magnetic responsive properties of the MMDS. (A) TEM images and EDS elemental mapping of the MNP. (B) EDS

spectra of the MNP. (C) TEM images and EDS elemental mapping of the MMDS. The micelle moiety (low contrast area under TEM) and MNP
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Magnetic effects of MMDS@NR. (F) The recovery of MMDS@NR after magnetic decantation. Data are expressed in mean £ SD (n = 3).

After administrating MMDS@DEX+MA, DEX reached
286.7 ng in each sampling medium (waterman No.1 filter paper)
at first 5 min after instillation, compared to a content of 202.2 ng
by MMDS@DEX treatment (without magnetic attraction)
(Fig. 5D). The concentration of DEX in tears remarkably drop-
ped 77.3 ng for MMDS@DEX+MA and 419 ng for
MMDS@DEX treatments in 15 min after instillation (Fig. 5D),
probably due to the rapid tear renewal which removed the drug
from eye surface. Magnetic attraction of MMDS@DEX signifi-
cantly prolonged the eye surface retention of DEX, significantly
higher in the area under curve (AUC) than the non-magnetic
attraction counterpart (Supporting Information Fig. SI10A),
which could enhance its therapy effects to some extent. It is
noteworthy that the cornea and conjunctiva are the utmost tissues
of eyes in anatomy, and inflammations in corneas and conjunc-
tivas are the most common disorder in eye surface reacting to a
variety of stimulus. DEX, one of the corticosteroids molecules,
is the most effective for treating this non-specific inflamma-
tion”>. Accumulation efficiency of DEX in corneas and con-
junctivas could enhance its therapy effects against these kinds of
inflammations. As depicted in Fig. 5E and S10B, magnet

treatment dramatically improves the accumulation of
MMDS@DEX in corneas by > 10 times than the non-magnet
group at 5 min after administration. Higher contents of DEX
in corneas with MMDS@DEX+MA treatments are also
observed at 2 and 4 h after administration, when compared to the
non-magnet treated group. The same trend can also be observed
in conjunctivas (Fig. 5F and Fig. S10C). When compared to
commercial DEX formulas, MMDS@DEX+MA significantly
promoted the DEX retention in tears, corneas, and conjunctivas,
while reduced intraocular DEX-transporting (Fig. 5D—G and
Fig. S10D). The commercial DEX formula exhibited strong
permeability for ocular surface tissues, which resulted in a high
DEX content in the aqueous humor. It reached a DEX-
concentration of 200 ng/mL in the aqueous humor after
60 min of commercial DEX administration (topical instillation),
which was ten times than that of the MMDS @ DEX+MA treated
group (Fig. 5G). In vivo Nile red retention in corneas was
observed when MMDS@NR+MA was applied (Supporting
Information Fig. S11), which confirmed the effects of the mag-
net treatment in prolonging drug retention in ocular surface
tissues. In addition, limited amount of DEX can be detected in
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Figure 5 MMDS@DEX with magnetic attraction increased DEX contents in the cornea and conjunctiva while reduced DEX concen-
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mean + SD (n > 3). *P < 0.05, **P < 0.01, ***P < 0.001, *P < 0.05, ¥P < 0.01, and *P < 0.001 vs. shCtrl or indicated. The
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(Fig. 5D—G and Fig. S10). These results indicate that the
combination of topical administration of MMDS@DEX with a
magnet treatment could enhance its ability to resist tear renewal
and promote DEX accumulation in corneas and conjunctivas.

3.4. MMDS@DEX+MA avoids DEX induced IOP rising

Escalation in IOP is the most addressed side effect of the com-
mercial DEX eye drop. In the present study, the effect of
continuous instillation of MMDS@DEX with or without magnet
treatments on IOP was evaluated in time course. As shown in
Fig. 5H and Supporting Information Fig. S12, healthy rats have an
IOP around 10 mmHg. Continuous application of DEX suspension
and commercial DEX eye drops significantly escalated IOP.
Topical administration of MMDS@DEX without magnet treat-
ment elevated IOP by 1.5 times than that of the PBS administrated
group in a 12-day continuous treatment at a frequency of 3 times
per day. With combination of magnet treatment, continuous

4 Non-treatment + MMDS@DEX

» 40= * MMDS@DEX +MA

(I:) @ *

52 v 4

o g 30

€ c

= ¢

o @

w © 204 T

u— = | *

O ° * —

- £ #

g £ 104

€9 1

o=

8= la Bl A s

1 1 1 1
O G T
Time (h)

4 Non-treatment
* MMDS@DEX +MA

¢+ MMDS@DEX

ol e
o o
1 1

o

=

o
1

e

(ng/mm2 fresh tissue)
2

e 5
L
=g
e
— =1
=

Content of Fe in lacrimal gland &

Q Q VvV 1 L]
Time (h)

<

4 Non-treatment
¢ MMDS@DEX +MA

+ MMDS@DEX
25

2.0 .

ie

1.0+
® |

1 fif 1] &0 Y

0.0 1 1 1 1 L]

Ny o2 9 W >
Time (h)

Content of Fe in retina
(ng/mm? fresh tissue)

(continued)

expose of MMDS@DEX on eye surface did not significantly
promote the IOP level, indicating that this treatment strategy is
effective in enhancing the safety of DEX, probably due to that it
reduces the intraocular transporting of DEX.

3.5. MMDS@DEX+MA prevents iron accumulation in ocular
tissues

Iron overload has been intensively investigated to be harmful to
the ocular tissues (e.g., cornea, conjunctiva, retina) mainly by
ROS production®”**, Therefore, to further understand the safety
perspective of the present treatment, the iron contents in the
cornea, conjunctiva, lacrimal gland, aqueous humor, retina, and
lens after topical instillation of MMDS@DEX with and without
magnet treatments were compared and studied. As shown in
Fig. 51 and J, the application of MMDS@DEX (without magnet
treatment) has significantly increased the iron levels both in the
conjunctiva and cornea (compared to the untreated group) in the
first 2 h of administration. However, combination of magnet
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Figure 6 MMDS@DEX with magnetic attraction enhanced the therapy effects against DED. (A) Representative images of corneas receiving
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expression of IL-16 and TNF-« after receiving varied treatments. (I) and (J) Protein quantification of IL-18 and TNF-« by ELISA assays after
receiving varied treatments. Data are expressed in mean + SD (n = 4). *P < 0.05, **P < 0.01, ***P < 0.001, *p < 0.05, #p < 0.01, and
###p < 0.001 vs. shCtrl or indicated.

treatment for MMDS @DEX instillation did not cause the iron- 3.6. MMDS@DEX+MA enhances the in vivo curing effects

overloading both in the conjunctiva and cornea. Moreover, against DED

MMDS@DEX+MA could also reduce the Fe levels in the lach-

rymal gland (Fig. 5K), aqueous humor (Fig. 5L), retina (Fig. SM), To prepare the DED-animal model, scopolamine was intraperito-
and lens (Supporting Information Fig. S13), when compared to the neally injected into mice. DED-induced animals were evaluated by a
single MMDS @DEX groups. These suggested that magnet treat- skilled doctor according to the generally adopted clinical diagnostic

ment could reduce the risk of iron-toxicity of MMDS to ocular criteria. As shown in Fig. 6A, the healthy animals possessed clear
tissues. and deep blue corneas when viewed under a slit lamp microscope,
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Figure 7  The in vivo ocular toxicity of the instilled MMDS suspension with or without external magnet attraction (MA). (A), (B) and (C) Slit

lamp observation under narrow slit beam, red-free beam, and cobalt blue beam after fluorescein sodium staining, respectively. (D) Representative
images of TUNEL assay (scale bar = 100 pm). (E) Quantification of the apoptotic cells calculated from the TUNEL results (n = 7). (F) and (G)

Representative images of H&E staining (scale bar = 100 um).

which were consistence with previous observation'®'”. The cornea
of the animals receiving scopolamine treatment exhibited a diffused
contiguous fluorescence staining, indicating the occurrence of
DED. The DEX suspension and the commercial DEX formula
presented limited capacity to reduce scopolamine induced DED-
symptoms. The combined treatment of MMDS @DEX instillation
and magnetic attraction (MMDS@DEX+MA) showed obvious
therapeutic effects than the MMDS@DEX counterpart, which
apparently alleviated DED-symptoms to a healthy level (Fig. 6B).

To further understand the therapy effects, the animals were sacri-
ficed and the eyes were extracted. The tissue sections of corneas and
conjunctivas were extracted for further examination. The cornea
sections were subjected to TUNEL assays. As shown in Fig. 6C and
D, intraperitoneal injection of scopolamine caused substantial
apoptosis of corneal epithelium. Topical instillation of
MMDS@DEX (without magnetic attraction) exerted significant
effects to inhibit corneal epithelium apoptosis; whereas its level of
cornea epithelium apoptosis is still significantly higher than that in
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the healthy group. It is evident that both the MMDS @ DEX+MA
and commercial DEX treatments can significantly reduce the level
of corneal epithelium apoptosis in the healthy group (no significant
reduction in the healthy control).

Since DED also induces the conjunctival goblet cell loss by
favoring continuous ocular surface inflammation***. We further
evaluated the protective effects of these DEX formulas against
goblet cell apoptosis under DED. As depicted in Fig. 6E and F,
intraperitoneal injection of scopolamine remarkably induced
conjunctival goblet cell loss, while topical instillation of com-
mercial DEX formula, DEX suspension, and MMDS@DEX
exerted moderate cell protective effects. However, the density of
goblet cells in commercial DEX formula-, DEX suspension-, and
MMDS @DEX-treated groups is significantly lower than that in
the healthy group. MMDS@DEX+MA treatment exerted
powerful ability to reduce goblet cell apoptosis, which regulated
the goblet cell density to the level of the healthy group.

Owing to DED’s “vicious circle of inflammation™, the ex-
pressions of several inflammatory cytokines were evaluated using
RT-PCR. As depicted in Fig. 6G and H as well as Supporting
Information Fig. S14, intraperitoneal injection of scopolamine
caused the mRNA overexpression of IL-18, TNF-«, IFN-y, and
IL-6 by 2—5 times compared to the un-treated counterpart. All this
DEX showed significant capacity to suppress the mRNA over-
expression of those inflammatory cytokines. Among these treat-
ments, MMDS @DEX+MA treatment exerted significantly higher
mRNA expression of TNF-« than that of MMDS@DEX-, DEX
suspension-, and commercial DEX-treatments. Since these treat-
ments exerted similar levels of capability to suppress mRNA
expression of IL-18, IFN-vy, and IL-6, the contents of IL-18 and
TNF-a cytokines in ocular surface tissues were further measured
by ELISA. As shown in Fig. 61 and J, the MMDS @DEX+MA
treatments possessed significantly higher ability to suppress con-
tents of IL-18 and TNF-« in eye surface tissues, consequently
providing better therapy effects against DED.

3.7.  The in vitro and in vivo toxicity of MMDS

The in vitro and in vivo toxicity of MMDS suspension were
evaluated using eye surface cells and tissues. The cytotoxicity of
the MNP, mMNP, and MMDS against human corneal epithelial
cells (HCEC) were evaluated using a CCK-8 kit (Supporting
Information Fig. S15). The MNP showed dose-dependent cyto-
toxicity against HCEC, inducing more than 70% of cell death at
the concentration of 200 pg/mL. Modification with MMA
significantly decreased its toxicity to HCEC. The mMNP at the
concentration of 600 pg/mL (iron equivalent) caused >30% of the
cell death. No significant cell-growth inhibitions were observed at
the MMDS concentration of 0—600 pg/mL (iron equivalent). To
understand whether the external magnetic field affects the cell
uptake for MMDS, the MMDS @NR were co-cultured with HCEC
under magnet treatment. The effects of single MMDS@NR
treatment were compared. The results suggested that the
external magnetic field affected cellular uptake for MMDS @NR
in a short-term culturing (3 and 6 h). It did not affect cellular
uptake in a long-term culturing (12 and 24 h, Supporting
Information Fig. S16). To evaluate the in vitro cumulative
ocular-toxicity, the MMDS was topically administration 3 times/
day continuously for 12 days. The MMDS instillation with and

without combination of magnet treatment were compared. As
shown in Fig. 7, the application of MMDS with and without
magnet treatment did not cause obvious pathological (Fig. 7A—C)
and histological (Fig. 7D—F) change in corneas.

4. Conclusions

The present work developed a novel MMDS system by chemical
conjugation of MNPs and MC. The MC moiety in the MMDS
served as the carrier for hydrophobic molecules and the MNP part
endows the MMDS with magnetic responsive properties. After
topical instillation of MMDS, the retention of the drugs (in the
MMDS) on eye surface was remote-controlled by external mag-
netic field. The MMDS was applied to load DEX. With combi-
nation of magnet treatment, MMDS @DEX exerted significantly
higher therapeutic effects against DED than those treatments of
DEX suspension, commercial DEX eye drops, and MMDS @DEX
without magnet treatment, which is probably due to its increased
DEX-bioavailability by using MMDS@DEX+MA. Moreover,
administration of MMDS@DEX with magnet attraction exerted
higher long-term bio-safety than commercial DEX eye drops and
MMDS@DEX without magnet treatment. As continuous instilla-
tion of commercial DEX eye drops significantly promote IOP
conditions, the present approach did not cause escalation of IOP in
a continuous 15-day application time period. This study provided
a new method for effective delivery of hydrophobic agents to eye
surface tissues, which will benefit for the treatments of a wide
range of eye surface diseases.
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