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ABSTRACT: Although the number of patients with eye diseases is increasing, efficient
drug delivery to the posterior segment of the eyeball remains challenging. The reasons o
include the unique anatomy of the eyeball, the blood—aqueous barrier, the blood—retina
barrier, and drug elimination via the anterior chamber and uveoscleral routes. Solutions to |t
these obstacles for therapeutic delivery to the posterior segment will increase the efficacy,
efficiency, and safety of ophthalmic treatment. Micro/nanorobots are promising tools to
deliver therapeutics to the retina under the direction of an external magnetic field. Although
many groups have evaluated potential uses of micro/nanorobots in retinal treatment, most
experiments have been performed under idealized in vitro laboratory conditions and thus
do not fully demonstrate the clinical feasibility of this approach. This study examined the
use of magnetic nanoparticles (MNPs) to deliver dexamethasone, a drug widely used in
retinal disease treatment. The MNPs allowed sustainable drug release and successful actuation system
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magnetic manipulation inside bovine vitreous humor and the vitreous humor of living
rabbits. Therefore, controlled drug distribution via magnetic manipulation of MNPs is a promising strategy for targeted drug delivery

to the retina.

B INTRODUCTION

The treatment of ophthalmic diseases varies depending on the
type of disease and the affected area. Ointments, topical eye
drops, and surgical treatment can be applied to the anterior
segment of the eye, including the cornea and anterior
chamber."” However, multiple significant challenges in drug
delivery hinder effective treatments for retinal and choroidal
diseases. The unique anatomy of the eyeball interferes with
accessibility because most of the surface is covered; drug
penetration is limited by the blood—aqueous barrier and
blood—retina barrier.” >

Direct intravitreal injection of therapeutics into the vitreous
humor has been used to treat retinal diseases such as age-
related macular degeneration and diabetic retinopathy.’
However, because of the short half-life of intravitreal
therapeutics, repeated injections longer than 4-week intervals
are required for chronic retinal diseases; such injections can be
a burden to both patients and physicians. Moreover, potential
side effects include hemorrhage, retinal detachment, inflam-
mation, and increased intraocular pressure.7_9 Intravitreal
injection itself also has multiple limitations. First, the
therapeutic agent injected into the vitreous humor diffuses
throughout the eyeball and is eliminated via the anterior and
posterior routes."” Second, the distribution, degree of spread,
and pharmacokinetics within the vitreous cavity are difficult to
predict, because they depend on characteristics of the drug;

thus, specific targeting of the lesion is rarely assured.'' ™"

© 2024 The Authors. Published by
American Chemical Society

7 ACS Publications

Third, the concentration of the injected therapeutic agent may
decrease by >50% per day, such that <1% of the initial amount
remains after 1 week.'*”'¢ Finally, although implantation-type
therapeutics have been introduced for continuous drug release,
there is a need to consider the requirement for invasive surgery
during implantation and the risk of migration within the
vitreous humor, which could block the patient’s field of
vision.'” "> Therefore, novel methods for the continuous,
effective, and precise delivery of drugs to the target
environment are needed.

More effective treatment of posterior eye diseases may be
achieved by systems using micro/nanorobots, in which cells or
drugs carried on micro/nanosized structures and particles
reach the target lesion or release their therapeutic payload
close to the target area using a magnetic field.”'~** The use of
nanomilli robots in retinal disease treatment has been explored
in multiple studies.”” > George et al.’’ demonstrated the
feasibility of a method in which a magnetic robot equipped
with a needle is used to puncture a retinal vein for retinal
disease treatment. However, the robot size was ~3 mm,
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Figure 1. Intraocular drug delivery strategy and fundamental characterization of silica-coated magnetic nanoparticles (MNPs). (a) Schematic
images showing drug delivery strategy used in this study (not to scale). (b) Dynamic light scattering data showing the size distribution of particles
at each step. SMNPs, silica-coated magnetic nanoparticles; SMNPs-COOH, carboxylic acid-functionalized silica-coated MNPs. (c) Scanning
electron microscopy (SEM) and transmission electron microscopy (TEM) micrographs of silica-coated magnetic nanoparticles. (d, e)
Biocompatibility of SMNPs determined from ATP content and LIVE/DEAD images, respectively. *p < 0.05; ns, not significant. n = 4.

sufficiently large to block the patient’s field of vision.
Moreover, needle-induced rupture of retinal vessels, leading
to vitreous hemorrhage, could not be ruled out. Because nickel
is not a biocompatible material,>**° retrieval of the nickel-
based microrobot is required after treatment. These limitations
hinder the use of this system in clinical practice. Another study
introduced an intraocular microrobot with a microsized helical
structure that allowed passage through the mesh-like environ-
ment of collagen fibrils, such that the posterior segment could
be approached with minimal damage.”’ The perfluorocarbon
coating of the microrobot prevented interactions between the
microrobot and the vitreous fiber microenvironment. However,
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both the perfluorocarbon surface coating and the use of nickel
to achieve a high level of magnetization limit the utility of this
system for clinical drug delivery. Recently, Jiangfan et al.*”
demonstrated swarm control of magnetic nanoparticles
(MNPs) inside the vitreous humor using a rotating magnetic
field generated by an electromagnetic coil system. The
nanoparticles were made hydrophobic via surface treatment
with trichloro(1H,1H,2H,2H-perfluorooctyl)silane, which fa-
cilitated manipulation in the high-viscosity intraocular environ-
ment. These studies demonstrate the potential offered by
magnetic manipulation of micro/nanorobots inside the
vitreous humor.
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a. Dexamethasone loading process
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Figure 2. Dexamethasone loading on SMNPs. (a) Stepwise dexamethasone loading on SMNPs. (b) Confirmation of dexamethasone loading by
Fourier-transform infrared spectroscopy. (c) Vibrating sample magnetometry data before and after dexamethasone loading.

The most widely used passive-release mechanism for drug-
loaded microrobots is diffusion, which requires contact
between the drug-loaded surface and the surrounding environ-
ment. However, diffusion is difficult if the outermost surface of
the robot is a chemical (rather than a drug) that reduces the
interaction of the microrobot with the environment to allow
better manipulation. Therefore, in the absence of a specific
release mechanism, chemically coated microrobots cannot be
readily used as passive-release systems. Consequently, the
magnetic manipulation of surface-treated micro/nanorobots
guarantees operation only in an ideal environment because the
release of a therapeutic agent at the target cannot be
guaranteed. A more promising approach is one in which,
rather than modification for better control, the outermost
surface is coated with a drug. However, the manipulation of
these particles to achieve drug delivery in the eyeball without
surface treatment requires a full understanding of the drug
release characteristics of MNPs.

In this study, magnetically controllable dexamethasone-
loaded silica-coated MNPs (Dex@SMNPs) were generated for
use in the treatment of posterior eye diseases. The silica
coating ensured the stable bonding of functional groups and
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the biocompatibility of the particles; functionalization with
carboxylic acid allowed covalent bonding with dexamethasone,
a widely used anti-inflammatory drug. Drug release from the
particles was demonstrated through incubation with leukemia
cells (RS4;11), which are sensitive to dexamethasone. To
evaluate the feasibility of magnetic manipulation of the Dex@
SMNPs within the vitreous humor, the particles were injected
into bovine vitreous humor separated from the eyeball, as well
as the vitreous humor of living rabbits. Under a rotating
magnetic field generated by a system with eight electro-
magnetic coils, the particle swarm was sufficiently large to be
visible on a camera. Manipulation of the swarm was achieved
by tilting the axis of rotation of the magnetic field. These
studies demonstrated the feasibility of the magnetic manipu-
lation of Dex@SMNPs in vivo and ex vivo, using materials that
can be readily applied in the treatment of posterior eye disease.

B RESULTS AND DISCUSSION

Intraocular Drug Delivery Using MNPs. The strategy for
intraocular drug delivery using MNPs is described in Figure la.
To generate required magnetic field, eight-electromagnetic coil
system was used. The workspace of the system was a spherical

https://doi.org/10.1021/acsomega.3c07033
ACS Omega 2024, 9, 27888—-27897
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Figure 3. Release of dexamethasone from Dex@SMNPs. (a) Concentration of dexamethasone released from Dex@SMNPs dispersed in PBS (n =
3). (b) Viability of cells cocultured with SMNPs and Dex@SMNPs for 24 h, determined by measuring ATP content. *, p < 0.0S; **, p < 0.01; ***,
p < 0.001; ns, not significant; n = 4. (c) LIVE/DEAD cell images of cells cocultured with Dex@SMNP for 24 h.
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with an approximate diameter of 25 mm, which is large enough
to test various eyeballs from different animals (porcine and
bovine) (Figure S1). This system also could generate enough
magnetic field to make swarm (40 mT) to maintain the swarm.
The magnetic field generated by the eight-electromagnetic coil
system induced dipole interactions among injected MNPs
inside the vitreous humor, causing them to form a chain
structure.’* >® Thanks to the formation of a chain structure,
the magnetic nanoparticles could show collective behavior,
improving its delivery efficiency. Otherwise, nanovesicles
driven by other energy sources are readily scattered because
of nondirectionality, such that targeted delivery is not
possible.””~*' In contrast, magnetically actuated carriers have
a greater likelihood of following the magnetic field; they can
also be more carefully controlled and directed. The swarm of
MNPs can be manipulated by changing the orientation of the
rotating magnetic field, thus allowing delivery near the target
lesion. Swarm formation of the MNPs also reduces the losses
that can occur during transportation, resulting in improved
therapeutic efficacy related to the larger number of particles
reaching the target. Delivery of drug-loaded MNPs near the
lesion area enables the maintenance of a higher local drug
concentration than is possible with conventional drug injection
methods.

Biocompatibility of SMNPs. In this study, SMNPs were
used for stable functionalization and biocompatibility of
silica.”””*® The biocompatibility of the SMNPs was verified
in previous studies, and their fabrication was performed as
previously reported (see Supporting Information). The
nanoparticles were then investigated by direct laser spectros-
copy (Zetasizer Nano ZS; Malvern Panalytical, Malvern, UK),
which revealed a uniform size distribution and a final
hydrodynamic diameter (including their carboxylic acid-
functionalized silica shell) of ~300 nm in PBS (Figure 1b).
Successful formation of the silica shell was confirmed by
scanning electron microscopy, transmission electron micros-
copy (TEM), and energy-dispersive spectroscopy. As shown in
Figure 1c, the SMNPs had a uniform size of ~200 nm on the
TEM image; the core—shell structure (core: Fe;O,; shell:
silica) could be observed as a cluster of small particles by
transmission electron microscopy and energy-dispersive spec-
troscopy (Figures S2 and S3). In order to manipulate the
particles using a magnetic field, the particle size should be large
enough and the particle should have superparamagnetic
characteristics. However, as the size of the magnetic nano-
particle increases, it loses superparamagnetic characteristics.
From this perspective, the particle should be a cluster, small
particles aggregated to form one large particles. The core
magnetic nanoparticle imparts magnetism to the final particles,
allowing the SMNPs to be manipulated in response to an
external magnetic field generated by the electromagnetic coil
system. The external silica shell guarantees the stable binding
of functional groups, as well as biocompatibility. Scanning
electron microscopy revealed that the sizes of most SMNPs
were 200 nm. To demonstrate their biocompatibility, the
SMNPs were cocultured at various concentrations (10, 20, 50,
and 100 pg/mL) with the spontaneously arising retinal
pigment epithelial cell line ARPE-19 (CRL-2302; ATCC,
Manassas, VA, USA). After 48 h, cell viability was evaluated
based on the change in adenosine triphosphate (ATP) content
and the results of a LIVE/DEAD assay. As shown in Figure 1d,
e, the SMNPs did not exhibit significant cytotoxicity, even at
the highest concentration (100 pg/mL). These results

confirmed the potential for the use of SMNPs as therapeutic
delivery agents.

Dexamethasone Loading on SMNPs. After biocompat-
ibility had been confirmed, SMNPs were electrostatically
loaded with dexamethasone, one of the most widely used drugs
in ophthalmic treatment,”’ ™" in accordance with an
established protocol (Figure 2a).>” Briefly, 12 mg of carboxylic
acid-functionalized SMNPs were washed with ethanol and
dichloromethane (DCM; 270997, Sigma-Aldrich, St. Louis,
MO, USA). The SMNPs were then dispersed in 1.92 mL of
DCM containing 21 mg of N,N’-dicyclohexylcarbodiimide
(DCC; D80002; Sigma-Aldrich) and S mg of 4-
(dimethylamino)pyridine (DMAP; 107700; Sigma-Aldrich).
After 20 min of incubation, 5.6 mg of dexamethasone was
added, and the solution was mixed for 3 days using a magnetic
stirring bar. Finally, the dexamethasone-loaded SMNPs (Dex@
SMNPs) were washed with ethanol and lyophilized until
further use. Both the functional group on the silica shell and
dexamethasone loading were examined using Fourier-trans-
form infrared spectroscopy. As shown in Figure 2b, the
characteristic peak of dexamethasone was detected at 1,660
cm™; a Dex@SMNP peak at 1,652 cm™" indicated successful
conjugation of the drug to the SMNDPs. Because of the
paramagnetic characteristics of the MNPs, both the SMNPs
and the Dex@SMNPs also showed paramagnetism, with
maximum values of 37 and 34 emu/g, respectively (Figure
2¢). The weight ratio of the MNPs was reduced as additional
materials were added, leading to a slightly reduced maximum
magnetization value per unit weight. Importantly, the silica
used to coat the MNPs is biocompatible and can be treated
with stable and diverse functional groups; therefore, it can
presumably be used to support other types of drugs in clinical
applications.

Dexamethasone Release from SMNPs. Dex@SMNPs at
concentrations of 0.3, 0.5, and 1 mg/mL were stored in
phosphate-buffered saline (PBS; Welgene, Gyeongsan, South
Korea) for 7 days to measure dexamethasone release over time.
To mimic in vivo release, the samples were placed in an
incubator (37 °C, 5% CO,) and the concentration of released
dexamethasone was measured at various time points. At each
time point, 3 L of solution was collected from the vial and
replaced with PBS to maintain the total volume. The amount
of released dexamethasone was then measured by ultraviolet
(UV)-visible spectrometry (Figure S4). As shown in Figure 3a,
a large amount of dexamethasone was released in the initial
stage (within 24 h) from all three concentrations, and
saturation was reached over time.

Weight of the drug in SMNPs
Weight of the feeding drug

Drug loading efficiency =

(1)
By day 7, 6.48 + 0.33, 6.17 + 1.73, and 4.85 + 1.19 ug of
dexamethasone had been released from 300-uL amounts of
Dex@SMNPs suspensions at 1, 0.5, and 0.3 mg/mL
respectively. The drug loading efficiency was calculated with
the aid of eq 1. Assuming complete drug release from Dex@
SMNPs loaded at a drug level of 0.3 mg/mL, the loading
efficiency was at least 8.7%. The cytotoxicity of the released
dexamethasone was examined by coculturing the Dex@
SMNPs with leukemia cells for 48 h; although leukemia was
not the target disease model in this study, these cells were used
because of their sensitivity to dexamethasone.”"”* Whereas no
significant cytotoxicity was observed in cells cultured with any
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a. Magnetic actuation in bovine vitreous humor
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Figure 4. Magnetic manipulation of Dex@SMNPs within vitreous humor. (a) Magnetic actuation in vitreous humor of bovine eyes obtained within

2 days after slaughter (ex vivo). (b) Magnetic attraction of Dex@SMNPs inside vitreous humor of living New Zealand white rabbits (in vivo) under
unidirectional and bidirectional movement conditions.

concentration of SMNPs alone (Figure 3b, c), concentration-
dependent cytotoxic effects were observed in cells cultured
with Dex@SMNPs (Figure 3b, ¢ and Figure SS). At
concentrations >10 yg/mL, the ATP content of the cocultured
cells sharply decreased compared to S ug/mL group. Because
the leukemia cells were cultured in suspension form, the
culture plates were centrifuged for 30 s prior to visualization by
fluorescence microscopy. As shown in Figure 3¢, the LIVE/
DEAD fluorescence images after 24 h of coculture were
consistent with the ATP data. No stimulus was required for
complete release of covalently bound dexamethasone; the
release rate was sufficiently slow to ensure that all Dex@
SMNPs attained the target lesion. Not all dexamethasone was
released before the target was reached. After the Dex@SMNPs
became located in diseased regions, they continuously released
drug without the need for any stimulation. These experiments
demonstrated the potential for MNPs to be used in targeted
delivery and the release of therapeutic agents to the retina or
posterior segment of the eye.

Magnetic Manipulation of Dex@MNPs Inside the
Vitreous Humor. The magnetic manipulation of Dex@
SMNPs in bovine vitreous humor was then studied. To
minimize protein degeneration, bovine eyeballs obtained
within 2 days of slaughter were used in the experiment. The
vitreous humor was separated from the bovine eyeball and
placed on a plate with the pupil oriented upward; 20 uL of
Dex@SMNPs (concentration of 1 mg/mL, dispersed in PBS)
were injected into the underside of the vitreous humor using a
26-gauge syringe needle, thus mimicking intravitreal injection
in the clinical setting (Figure 4a). There were no difficulties
during intravitreal injection, such as needle blockage by the
particles. The Dex@SMNP-injected vitreous humor was then
placed on the workspace of the magnetic actuation system,
which included a charge-coupled device (CCD) camera for
magnetic actuation and imaging. Immediately after injection,
the 200 nm Dex@SMNPs were evenly spread, but individual
particles could not be imaged with the CCD camera. A rotating
magnetic field (30 mT, 10 Hz) was applied until a swarm of
particles was generated (~30 s) (Figure 4a and Video 1). A

low rotating frequency cannot form a swarm, and a high
rotating frequency that is too high forms multiple swarms at
once, which can induce the loss of MNPs during the
manipulation. Therefore, the optimized magnetic field (30
mT, 10 Hz) was applied after several attempts. After SO s, the
swarm had stabilized. When the axis of the rotational magnetic
field was altered (i.e., the pitch angle was changed to 10°), the
particles began to move to the upper left. The speed of the
swarm was ~149 ym/s, which was sufficiently fast to reach the
target before complete release of the therapeutic agent. This
experiment demonstrated the successful intraocular manipu-
lation of particles without any surface treatment, which
reduced interactions between the particles and vitreous humor.

Animal Experiment. An in vivo experiment was
performed in 3-week-old New Zealand white rabbits because
the vitreous body viscosity is similar in rabbits and humans.>
Dex@SMNPs dispersed in PBS (1 mg/mL), at the same
concentrations as in the ex vivo experiment, were injected
through the pars plana in the superotemporal quadrant using a
26-gauge needle. The intraocular particles were observed using
a widefield contact lens (Super Quad 160, Volk Optical). After
intravitreal injection, the Dex@SMNPs formed a broad layer
(yellow dotted line in Figure 4b-I). To gather the diffuse
nanoparticles within a single location, a 300-mT magnet was
placed over the superior portion of the rabbit eyeball. The blue
arrows indicate the directions in which the magnetic forces
moved the dispersed Dex@SMNPs and yellow dotted circle
indicate the occupied area by the injected Dex@SMNPs.
Because of the high strength of the magnet, the Dex@SMNPs
readily aggregated. Magnetic attraction was evaluated through
examination of the area occupied by the particles using Image]
(National Institutes of Health, Bethesda, MD, USA). Table S1
shows the area of Dex@SMNP distribution inside the vitreous
humor. Five seconds after the magnet had been placed on the
rabbit eyeball, the Dex@SMNPs moved toward the vitreous
cortex (near the magnet; Figure 4b), such that the area of
vitreous humor occupied by nanoparticles was reduced to 40%
compared with the initial state (Figure 4b-II). Subsequently,
movement of the Dex@SMNPs became significantly slower.
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After 75 s (Figure 4b-III), the particles were denser than in the
initial state, occupying 33% of the area. After 110 s (Figure 4b-
IV), the area of nanoparticles had decreased to approximately
18% compared with the initial state, indicating successful
targeting of the retina by the external magnetic field. In the
second experiment, the location of the magnet was changed at
2-s intervals to evaluate the bidirectional movement of the
injected Dex@SMNPs. As shown in Figure 4b-V—IX, the
occupied area was only reduced to ~40% because the Dex@
SMNPs lacked sufficient time to aggregate; their location
changed according to the magnetic field. Magnetic manipu-
lation-based targeting of the SMNPs to the posterior segment
of the eyeball could facilitate the local efficient release of their
drug cargo in the target area. In this experiment, only
dexamethasone was tested, but other therapeutics (e.g., genes
or drugs) could presumably also be used. Furthermore, unlike
previous studies with micro/nanorobots, the surface of the
Dex@SMNPs was not treated to minimize interactions
between the particles and vitreous humor. It was demonstrated
that it was possible to manipulate Dex@SMNPs in a high
viscosity environment without additional surface treatment.
The higher viscosity of the rabbit vitreous humor, compared
with the bovine vitreous humor tested ex vivo, led to slower
movement of SMNPs. The response of Dex@SMNPs to the
gradient magnetic field revealed that MNPs could serve as
platforms for controlled delivery of ophthalmic drugs. Such
delivery is not possible via conventional intravitreal injection.

B CONCLUSIONS

In previous studies, micro/nanorobots tested as drug delivery
systems for eye diseases were surface tailored to maximize
control inside the vitreous humor, but their perfluorocarbon or
silane surface coatings lacked biocompatibility, which
prevented clinical application. The present study evaluated
the use of dexamethasone-loaded SMNPs (Dex@SMNPs)
without surface treatment to reduce interactions between the
particles and the vitreous humor microenvironment. The
SMNPs provided a biocompatible shell and allowed stable
functionalization. The covalently bonded dexamethasone was
successfully released over 7 days, without any stimulus, under
standard cell culture conditions (37 °C, 5% CO,). The Dex@
SMNPs exhibited alignment via dipole interaction; in isolated
bovine vitreous humor, they could be controlled by an external
magnetic field. Application of the magnetic field from outside
the eyeball successfully moved the Dex@SMNPs to an area
close to the target within the eyeball. Thus, magnetized
intravitreally injected drug-loaded MNPs can be used to
increase the concentration of drug delivered to the target site.
Because the MNPs were successfully manipulated even in
highly viscous fluids, such as vitreous humor, drug-loaded
MNPs are expected to be useful in most fluid-filled areas of the
body. Overall, the MNP-mediated delivery of therapeutics,
which overcomes the limitations of low drug concentration and
poor targeting ability, could replace conventional treatments in
many settings.

B METHODS

Dexamethasone Loading on SMNPs. Dexamethasone
loading was conducted using a previously published protocol.”’
First, 12 mg of MNPs washed with ethanol were placed in a
vial with 21 mg of DCC (D80002; Sigma-Aldrich) and S mg of
DMAP (107700; Sigma-Aldrich). After the addition of 1.92
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mL of DCM (270997; Sigma-Aldrich), the samples were
rotated at room temperature for 20 min. DCM was added at
the final step because it rapidly evaporates under normal
conditions. Dexamethasone (5.6 mg) was then added, and the
solution was mixed for 3 days with a magnetic stirring bar. The
dexamethasone-loaded MNPs were separated, washed with
ethanol triplicate, lyophilized, and stored in capped vials until
use.

Magnetic Manipulation of SMNPs. Magnetic manipu-
lation of SMNPs was evaluated using bovine vitreous humor
(Biozoa, Gyeonggi-do, Korea). Bovine eyes obtained within 2
days of slaughter were used to minimize protein denaturation.
Vitreous humor was separated from the eyeballs and placed on
a plate in the working space of the magnetic actuation system.
Lyophilized Dex@SMNPs were dispersed in PBS at a
concentration of 1 mg/mL, then sonicated to achieve an
even distribution. A syringe with a 30-gauge needle was filled
with the prepared suspension, and ~100 yL of Dex@SMNPs
were injected into the bovine vitreous humor. A swarm of
injected Dex@SMNPs was created by applying a rotating
magnetic field (30 mT, 10 Hz). After swarm formation, the
rotating magnetic field was tilted 10° to manipulate the swarm.

Animal Experiment. The animal experiment protocol was
approved by the Animal Experiment Ethics Committee of
DGIST (approval number: DGIST-IACUC-22042601—0004).
New Zealand white rabbits were anesthetized by intramuscular
injection of a mixture of Zoletil and xylazine (0.5 uL/g and 0.2
uL/g, respectively). The eye was then anesthetized with a drop
of 0.5% proparacaine hydrochloride. Dex@SMNPs suspended
in PBS were intravitreally injected in a volume of 30 uL outside
the iris, as in an actual clinical procedure. A magnet with a
maximum intensity of 300 mT was placed on the top of the
rabbit’s head to localize the Dex@SMNPs near the retina.
Rabbit fundus images were obtained using a super quad lens,
and images of SMNPs in the eyeball were obtained using a
CCD camera. The area occupied by SMNPs was quantified
using Image]J software (National Institutes of Health).

Statistical Analysis. All data are presented as means =+
standard deviations of at least three independent experiments
or samples. All statistical analyses were performed using
Microsoft Excel (Microsoft Corp., Redmond, WA, USA) and
two-sample ¢ tests, assuming inhomogeneity of variance. In all
analyses, p-values <0.05 were considered indicative of
statistical significance.
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