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ARTICLE INFO ABSTRACT

Keywords: Low bioavailability of topically applied drugs remains a significant challenge for long-term glaucoma therapy. To
D‘f“drimer enhance drug delivery efficiency, we developed dendrimer gel particles that collectively exhibit structural
Mlcrogeil benefits of dendrimer, hydrogel, and particles, using the inverse emulsion method coupled with the highly
Na_mge_ . efficient aza-Michael addition reaction (IEaMA). This hierarchical approach would maximize the utility of the
Brimonidine . . . . . . "

Glaucoma structural features of existing ocular drug delivery systems. We have tested the delivery efficiency and efficacy of

two first-line antiglaucoma drugs, brimonidine tartrate (BT) and timolol maleate (TM), which were loaded into
dendrimer gel particles of various sizes, i.e., nDHP (nano-in-nano dendrimer hydrogel particles, ~200 nm),
puDHP3 (3 pm), and pDHP10 (9 pm). We found that nDHP was superior to pDHP3 and pDHP10 in terms of
cytocompatibility, degradability, drug release kinetics, and corneal permeability. The nDHPs increased drug
corneal permeability by 17-fold compared to plain drug solution and enabled zero-order prolonged drug release
kinetics. The nDHP-based formulation demonstrated pronounced IOP-lowering effects in both single-dose test
and 7-day chronic daily dosing test in both Brown Norway rats and glaucoma mice. Taken together, we have
developed nano-in-nano dendrimer gel particles for precise dosing and enabling sustained and synergistic effi-
cacy of antiglaucoma drugs, which could be clinically impactful for improving glaucoma treatment.

hypotensive medication further raises the concerns of delivery effec-
tiveness and patient adherence to the therapy, a major obstacle for
successful glaucoma management [7-10].

Using particles ranging in size from nanometers to microns to

1. Introduction

Glaucoma remains a leading cause of blindness worldwide. The
number of glaucoma patients will rise to 111.8 million in 2040 [1].

Elevated intraocular pressure (IOP) is a characteristic risk factor of
glaucoma. All current treatments are to lower or control IOP and thereby
slow down or reduce the subsequent vision loss [2]. Treatment typically
begins with topical antiglaucoma medications. Topically administered
drugs, however, have bioavailability of<5% due to high pre-corneal loss
and low cornea permeation [3-6]. Frequent daily dosing of ocular

improve bioavailability and sustain the efficacy of antiglaucoma drugs is
on the horizon [11-17], but there are two main challenges. First, size,
structure, and physicochemical properties of particles, such as surface
charges, composition, and mucin adhesiveness [18], are essential to
tune particles to overcome ocular barriers to gain enhanced preocular
retention, corneal permeation, and absorption. The challenge is how to
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build a particulate system that synchronizes particle transport to the
anterior chamber of the eye with drug delivery and release kinetics.
Secondly, when first-line monotherapy for glaucoma becomes ineffec-
tive, two or three drugs are often combined to produce additional IOP
reduction. Those drugs in the free drug form in ophthalmic solution are
unlikely to reach the eye at the ratio prescribed due to the variance in
physicochemical properties and corneal permeation, bringing about
only suboptimal therapeutic outcomes. Features such as high loading
capacity and versatility that enables accommodating drugs of distinct
pharmacological and physicochemical properties are thus desired.

We attempted to address the above two issues by using polyamido-
amine (PAMAM) dendrimers as building blocks [19,20]. PAMAM den-
drimers are highly branched nanostructured synthetic polymers [21],
ideal for drug and gene delivery, primarily due to their multivalency,
enabling multi-functionalization and electrostatic interactions [22].
Furthermore, PAMAM dendrimers exhibit unimolecular micelle encap-
sulation behavior [23]. Hydrophobic drugs can be encapsulated into
dendrimer interior cavities via host-guest interactions. However, such
host-guest interactions may be disrupted easily under physiological
conditions, causing premature drug leakage and uncontrolled release, a
major limitation for dendrimer-based drug encapsulation and delivery.

To expand the capacity of dendrimers for drug encapsulation and
delivery, we developed a new method, i.e., the inverse emulsion aza-
Michael addition reaction (IEaMA) method, to make dendrimer hydro-
gel particles (DHPs) [24]. DHPs integrate the advantages of dendrimer,
hydrogel and nano/micro-particle. Therefore, DHPs hold great promise
to be used to deliver multiple antiglaucoma drugs for development of the
next generation of dendrimer-based antiglaucoma drug delivery sys-
tems. DHPs are highly swellable in physiological solution and appear as
transparent colloidal dispersions, eliminating themselves as a source for
blurred vision or eye irritation [25]. In this work, we demonstrated that
DHPs in the nanometer to micrometer range can be made by tuning
parameters of the IEaMA-based process: oil-to-water ratio, surfactant
concentration, and stirring speed. The two first-line IOP-lowering drugs,
brimonidine tartrate (BT) and timolol maleate (TM), were used as model
drugs and packaged into DHPs. The delivery efficiency and safety of
DHPs with three discrete sizes, i.e., nano-in-nano DHP (nDHP) on a scale
of hundreds nanometers (~200 nm) and two micronized DHPs—uDHP3
(3 pm), and pDHP10 (9 pm)—were assessed. We found that nDHP was
superior to phDHP3 and pDHP10 in terms of cytocompatibility, degrad-
ability, drug release kinetics, and corneal permeability. In vivo tests
using both normotensive rats and glaucoma mice showed that nDHP-
based formulation induced more pronounced IOP-lowering effects in
both single-dose test and 7-day once-daily dosing test.

2. Materials and methods
2.1. Materials

DAB-core PAMAM dendrimer generation 5 (G5) was purchased from
NanoSynthons (Mt Pleasant, MI). Poly(ethylene glycol) diacrylate (PEG-
DA, M, = 575 g/mol), span80, tween80, fluorescein isothiocyanate
isomer I (FITC), trifluoroacetic acid (TFA), and cell proliferation reagent
WST-1 were purchased from Sigma-Aldrich (St. Louis, MO). Brimoni-
dine tartrate (BT) was purchased from AvaChem Scientific (San Antonio,
TX). Timolol maleate (TM), hexane, acetonitrile (ACN), and phosphate
buffered saline (PBS, 10x) were purchased from Fisher Scientific
(Pittsburgh, PA). Triton X-100 was purchased from Solarbio Life Sci-
ences (BJ, CN). Dulbecco’s modified Eagle’s medium (DMEM), trypsin-
EDTA (0.25%), and penicillin-streptomycin (10,000 U/mL) were pur-
chased from Life Technologies (Carlsbad, CA). ELISA kits of human TNF-
a and IL6 were purchased from Thermo Fisher Scientific (Waltham, MA).
Contrived tears developed from greater than 15 components known to
be present in tears, balancing protein, salt and pH alike, in line with
accepted tear formulations, was purchased from Ursa BioScience
(Maryland, USA). Fresh rabbit whole eyes were purchased from Pel-
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Freeze Biologicals (Rogers, AR). Cell culture medium for primary
human corneal epithelial cells (HCECs) was purchased from American
Type Culture Collection (ATCC, Manassas, VA).

2.2. Characterization

A field emission SEM microscope (Hitachi FE-SEM Su-70, Japan)
with an acceleration voltage of 5 kV was used to image uDHPs, and JEM-
1400 Plus TEM for nDHPs. The hydrodynamic sizes and zeta potentials
of DHPs were measured on Zetasizer Nano-ZS90 (Malvern Instruments,
U.K.). Antiglaucoma drug released from DHPs was quantified by using a
Waters HPLC system equipped with a dual absorbance UV detector. The
mobile phase was the mixture of acetonitrile, water, and trifluoroacetic
acid (1/1/0.05 v/v/v). Eluents were monitored at both 309 and 220 nm.

2.3. Preparation of DHPs

DHPs were prepared by using the IEaMA method developed by us
[24]. The oil phase was a mixture of hexane and surfactant (Table S1).
The aqueous solution was prepared by mixing G5 (10 wt%) and PEG-DA
(the molar ratio of amine/acrylate = 1/1) in deionized water followed
by vortex for 10 s. The oil-to-water volume ratio (O/W) was tuned to
obtain different micro-nano particle sizes (Table S1). For uDHP prepa-
ration, the aqueous solution was poured into the oil phase and dispersed
at 30,000 rpm for 60 s by using an IKA disperser. The emulsion system
was then stirred at 500 rpm for 2 h, allowing the cross-linking within the
stabilized emulsion droplets to form DHPs. For nDHP preparation, the
aqueous solution was added to the oil phase and directly stirred at 500
rpm for 2 h by using an IKA stirrer. The mixture was then centrifuged
(4,900 rpm for uDHPs and 10,000 rpm for nDHPs) for 3 min, and the oil
layer was discarded. The residue was washed with deionized water 3
times to obtain surfactant-free DHPs.

To prepare drug-loaded pDHPs and nDHPs, drugs were mixed with
G5 aqueous solution (10 wt%) prior to mixing with PEG-DA. Specif-
ically, 1 mg of BT or TM was added to 53 pL of 10 wt% of G5 aqueous
solution, followed by vortex and sonication to make a clear solution.
Drug loading was measured by HPLC. On the basis of 1 mg particle,
uDHP10 carries 272.2 pg of BT, uDHP3 carries 215.1 pg of BT, and nDHP
contains 8.6 g of BT.

2.4. Degradation studies

DHPs in dry form (wg) were dispersed in contrived tears (0.5 mL) and
incubated at 37 °C for 6 h, 24 h, and 48 h, respectively. At the end of
incubation, dispersions were subjected to centrifugation (10,000 rpm, 3
min). The pellet was washed once with deionized water and then freeze-
dried and weighed (wy). Mass remaining (%) was determined as wy/wg x
100. The degraded puDHPs were imaged by using SEM [24].

2.5. Drug release studies

In general, BT-loaded DHPs were dispersed in 1 mL of pH 7.4 PBS
and kept at 37 °C. At predetermined time points, the suspension was
subjected to centrifugation (10,000 rpm, 3 min). The supernatant was
collected for BT concentration analysis. The pellet was re-suspended in
1 mL of fresh PBS to continue the release study. Each formulation was
tested three times under identical conditions. Cumulative BT release as a
function of time was reported and release kinetics models were used to
study release mechanisms [26].

2.6. Ex vivo permeation studies

Cornea extracted from fresh rabbit eye was mounted in a Franz
diffusion cell system [27]. The receiver chamber was filled with 5 mL of
pH 7.4 PBS. BT-loaded DHPs suspended in 250 uL of PBS was loaded to
the donor chamber. At pre-determined time points up to 4 h, an aliquot
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of 500 uL. was withdrawn from the receiver chamber and analyzed with
HPLC. Fresh PBS (500 pL) was added to the receiver chamber following
each sampling. The permeability coefficient, P, was then determined
[28]. Each experiment was repeated three times.

2.7. Cytotoxicity assessment

NIH3TS3 fibroblast cells or HCECs were seeded at a density of 1 x 10*
cells/well in a 96-well plate and cultured overnight. The ATCC medium
for HCEC supplemented with Corneal Epithelial Cell Growth Kit com-
ponents (apo-transferrin, epinephrine, extract P, hydrocortisone hemi-
succinate, L-glutamine, rh insulin, and CE growth factor) was prepared
following the manufacturer’s instructions. The cells were then incubated
with DHPs at various concentrations (0-1.25 mg/mL) for 48 h. DHPs
were freshly prepared, lyophilized followed by ultraviolet sterilization
for 0.5 h and then dispersed in sterile PBS before incubation. Given that
(1) filtration sterilization is recommended for future clinical usage and
(2) nDHP is highly squeezable and its hydrodynamic diameter is 209
nm, filtration through 0.2-um pore size is another possible sterilization
method. Cell viability relative to untreated cells was then determined by
using the WST-1 proliferation assay [29]. The IC50 of nDHP on HCEC
was calculated following a four-parameter logistic regression (4PL)
fitting.

Pro-inflammatory cytokines TNF-a and IL6 released from HCECs
were quantified. Briefly, HCECs were seeded in 24-well plate (1 x 10°
cells/well) and cultured 24 h. The medium of each well was replaced
with fresh medium containing nDHP at different concentrations (50,
87.5, or 125 pg/mL). Following 4 h incubation, the culture media were
collected and centrifuged. The supernatants were subjected to ELISA
analysis following the manufacturer’s instructions.

2.8. Hemolysis toxicity

Hemolysis assay was performed to evaluate the membrane damaging
effect of DHPs. Whole rabbit red blood (2 mL) were centrifuged at 3500
rpm for 10 min. The top two layers (plasma, leukocytes, and platelets)
were discarded, and the pellet (erythrocytes) was collected and washed
with sterile PBS (pH 7.4) to ensure no cell lysis. Erythrocytes were then
re-suspended with 10 mL of sterile PBS (pH 7.4). To 750 uL of eryth-
rocyte suspension, 50 uL of yDHP10, uDHP3, nDHP, G5, PEG-DA (0.5%
w/v), PBS (negative control) and Triton X-100 (1% w/v, positive con-
trol) were added respectively and incubated for 1 h, 2 h, and 3 h under
mild shaking at 37 °C. For uDHP10, uDHP3, nDHP, and G5, a concen-
tration of 0.5% w/v G5 equivalent was used. At pre-determined time-
points, samples were centrifuged and 100 pL of supernatant was
withdrawn. The absorbance of each supernatant sample was read by
using a microplate reader (VERSAmax, Molecular Devices) at 450 nm
wavelength. Hemolysis percentage was then calculated using the
equation below [30].

Absorbance of sample — Absorbance of PBS

Hemolysis(%) =
emolysis(%) (Absorbance of TritonX — 100) — Absorbance of PBS

2.9. In vivo IOP measurements in normotensive glaucoma model

Normotensive adult Brown Norway female rats (Charles River, Wil-
mington, MA), 5 months old, were used and housed under proper con-
ditions at Virginia Commonwealth University (VCU). The rats were kept
under a cycle of 12-h light and 12-h dark. The animal protocol
AD10001426 was approved by the institutional animal care and use
committees of VCU.

2.9.1. Single-dose assessment

Eight rats were randomly divided into two groups (n = 4), and they
received topical treatment of BT/PBS or BT/nDHP (2 x 5 pL, 0.1% w/v
BT equivalent). nDHPs for in vivo studies are freshly prepared,
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lyophilized followed by ultraviolet sterilization for 0.5 h and then
dispersed in sterile PBS before administrated. The right eye of each rat
was dosed while the left eye was left untreated. The IOPs of both eyes
were measured immediately before treatment (0 h) and at 0.75, 1.6,
4.25, and 24 h postdosing using ICare TONOLAB tonometer.

2.9.2. One week of daily dosing assessment

Ten rats were randomly grouped to two (n = 5) and their right eyes
received BT/PBS or BT/nDHP™' (2 x 5 pL, 0.1% w/v BT equivalent)
topically at 8:00 am each day for 7 days. The IOPs of both the right eye
and the left eye were measured immediately before and after adminis-
tration and 4 h later. At the end of experiment, rats were euthanized, and
eyeballs were removed and processed to obtain tissue slices and H&E
stained slices. Tissue images were taken under Nikon inverted micro-
scope ECLIPSE Ti-U and analyzed using ImageJ.

2.10. In vivo IOP evaluation in a genetic glaucoma model

Angiopoietin 1 gene knockout mice (Al cKO mice, seven months old,
n = 4) with elevated IOP were used as a glaucoma disease model [31]. In
each group, the right eyes were topically treated with BT/nDHP (4 pL,
0.15% w/v BT equivalent) and TM/nDHP (4 pL, 0.5% w/v TM equiva-
lent), while the left eyes were treated with a control solution composed
of free non-formulated drugs (BT and TM) at the same dose. The IOP was
monitored at pre-determined time intervals. The animal protocol 4173
was approved by the institutional animal care and use committees of
University of Virginia.

2.11. Statistical analysis

The data were expressed as means + standard deviation (SD) and
were analyzed using one-way analysis of variance (ANOVA). A value of
p < 0.05 was considered statistically significant. The adjusted means of
IOP reduction (AIOP) at 12 PM each day following one week of daily
dosing on rats is derived using an analysis of covariance adjusted for
baseline IOP and based on observed data for all randomized subjects.

3. Results
3.1. Size-tunable dendrimer gel particles

The inverse emulsion method was adopted for producing the micro/
nanodroplets (Scheme 1). Multiple parameters such as surfactant
composition (tween80/span80 ratio), surfactant-to-hexane ratio, O/W
ratio, and dispersion intensity were used to manipulate gel particle size
(Table S1). We prepared dendrimer gel particles smaller than 10 um as
larger particles tend to induce foreign body sensation and reflex tearing
[6]. pDHP10 (Fig. 1a) and uDHP3 (Fig. 1b) are spherical. SEM image
analysis revealed that their mean diameters are 8.7 £ 0.2 pm and 3.3 +
0.4 pm, respectively. This method also generates uniform nanogels (78
+ 19 nm) (Fig. 1c). Dendrimer micro/nanogels are micro/nanosized
swellable networks in solution and the gel particles can be dispersed into
PBS to form colloidal suspension. The swollen dendrimer gel particles
experienced significant size expansion. In particular, the diameter of
puDHP3 increased to 4.0 pm (PDI = 0.299), and nDHP has a diameter of
209.6 nm (PDI = 0.284) (Fig. 1d). The hydrodynamic size of swollen
pDHP10 exceeded the detection limit (10 pm diameter) of the DLS in-
strument. Our SEM/TEM images and DLS results showed the typical
micro/nanogel structures, morphologies and size features, consistent
with the characterization of micro/nanogels reported in literatures. The
positively charged surfaces of all the three particles were confirmed by
their ¢ potential values of 29.0 &+ 3.1 mV, 22.1 £ 2.0 mV, and 12.9 + 0.3
mV for phDHP10, pDHP3, and nDHP, respectively, which are signifi-
cantly different with the ¢ potential value of unmodified G5 (50.4 + 0.1
mV, the P values of uDHP10, phDHP3, nDHP vs G5 are 1.3 x 10, 7.5 x
10, 2.2 x 10°°, respectively, Fig. 1e).
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Scheme 1. Schematic illustration of the preparation of dendrimer gel particles of various sizes by using the invert emulsion method coupled with aza-Michael
addition reaction and tuning three parameters oil-to-water ratio, surfactant concentration, and stirring speed.

3.2. Invitro degradation and safety assessment

The prepared dendrimer gel particles (1DHP10, uDHP3, and nDHP)
were further assessed in terms of cytotoxicity, degradability, drug
release and corneal permeability. nDHP maintains much higher cyto-
compatibility than pDHP10 and pDHP3. When particle concentration is
at or lower than 50 pg/mL (equivalent to 20 pg/mL of G5), none of them
cause apparent cytotoxicity to NIH3T3 cells (Fig. 2a). As the concen-
tration increases to 1.25 mg/mL (equivalent to 500 pg/mL of G5),
puDHP10 and pDHP3 cause 33% of cell death, 2.8-fold higher than cell
death induced by nDHP.

We studied the in vitro degradation kinetics of dendrimer gel parti-
cles incubated in contrived tears. During the first 6 h-incubation,
uDHP10, uDHP3, and nDHP were relatively stable and experienced
negligible mass loss (Fig. 2b). When incubation was extended to 24 h,
more than 70% of yDHP10 degraded. <17% of uDHP10 remained after
48-h incubation. uDHP3 degraded more slowly. Approximately 19% of
its mass remained after 48-h incubation. Moreover, more than 40% of
nDHPs remained intact at 48 h post-incubation. yDHP10 and pDHP3
maintained their particle morphology but became porous and flattened
over the observation period of 48 h (Fig. S1). The hemolytic toxicity of
DHPs was assessed along with G5 and PEG-DA. As shown in Fig. S2,
none of the tested groups has shown substantial hemolytic behavior,
indicating their good blood compatibility.

3.3. nDHP enables zero-order drug release kinetics and superb corneal
permeability

The release of BT from pDHP10 and uDHP3 was quick. Nearly 100%
of the encapsulated BT molecules were released within 2 h via Fickian
diffusion (Fig. 2c¢). Within the first 6 h, 74% of BT was released from
nDHP. Furthermore, BT release from nDHP followed zero-order release

kinetics, a release mechanism that could control antiglaucoma drug
release for sustained efficacy.

nDHP brings more BT across the cornea. Within 2 h, nDHP enabled
4.1 pg of BT to permeate through the cornea while yDHP10, pDHP3
resulted in cumulative amounts of 2.4 ug and 3.5 pg of BT across the
cornea. Furthermore, permeability coefficients for BT mediated by
UDHP10, pDHP3, and nDHP are 3.5 x 10”7 cm/s, 1.5 x 107% cm/s, and
7.6 x 1076 em/s, respectively (Fig. 2d).

The permeability was further tested by using FITC-labeled microgel
and DiR-labeled microgel, respectively. As shown in Fig. S3a, no FITC
was detected permeated across the cornea in the first 2 h. At 4 h, there
are 62% of FITC crossed the cornea. The DiR signals (Fig. S3b) in the eye
indicate gel particles permeated through the cornea and transported in
Schlemm’s canal.

3.4. nDHP sustains in vivo IOP lowering effects

The IC50 of nDHP on HCEC is 0.42 mg/mL. A dose of 0.25 mg/mL of
nDHP or lower is deemed safe (Fig. 3a). We assessed the production
levels of proinflammatory cytokines, TNF-a and IL6 in HCECs in
response to different doses of nDHPs (Fig. 3b). Unmodified PAMAM
dendrimers show proinflammatory activities in vivo [32]. It is reported
that 0.8 pM of G5 could induce 200 pg/mL of TNF-a secretion, and 400
pg/mL of IL6 secretion in J774A.1 macrophage cells [33]. At the tested
doses, nDHPs did not stimulate TNF-a production. nDHP at doses as high
as 125 pg/mL (equivalent to 3.5 pM of G5) caused 279 pg/mL of IL6
production, 35% higher compared to the baseline (the P values of
pDHP10, pDHP3, nDHP vs Untreated are 0.0022, 0.0022, 0.0019,
respectively). The TNF-a and IL-6 levels are 90% and 15% higher in
patients receiving preserved latanoprost than in normal controls [34].

The IOP-lowering effect of a single dose of BT/nDHP was examined
in normotensive rats and compared with the BT/PBS control group. Both
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Fig. 1. Morphology, size and zeta potential characterizations of micro/nano dendrimer hydrogel particles. a) SEM image of pDHP10, b) SEM image of pDHP3, c)
TEM image of nDHP, d) size distributions, and e) zeta potentials, *** P < 0.001 vs G5.

formulations started to reduce IOP immediately after administration and
exhibited peak effects at approximately 4 h. But BT/nDHP causes an
average of 4.5 mmHg IOP reduction, 2.6-fold stronger than the IOP
reduction by BT/PBS eye drops (P = 0.011, Fig. S4). The IOP-lowering
effects of both formulations diminished afterward over the course of
24 h. Once-daily dosing of BT/nDHP resulted in cumulative IOP-
lowering effects (Fig. 4). BT/nDHP exhibits a sustained prominent
IOP-lowering effect following 7-day once-daily dosing regimen. The IOP
lowering efficacy treated by BT/nDHP at day 7 was 4-fold higher than
that treated by BT/PBS (P = 0.014, Fig. 4a). According to the covariance
analysis that was performed to eliminate the effect of initial IOP
(baseline) on IOP reduction, the adjusted means of IOP reduction
following BT/nDHP treatment are higher than that of BT/PBS every day
(Fig. 4b), over 6-fold higher potency than BT/PBS in terms of IOP
reduction on day 1-3. Sustained retention of FITC-labeled nDHP in the
cornea was confirmed at the end of treatment (Fig. S5). BT/nDHP does
not cause any irritation, including abnormal tearing and blinking
(Fig. 5a). Whole-mount histologic globe preparations show that BT/
nDHP does not cause any discernable architectural or pathologic
changes to ocular tissue elements (Fig. 5b). Furthermore, the structural
integrity of the various intraocular compartments, including the anterior
and posterior chambers, remains intact (Fig. 5c).

The IOP-lowering effects of nDHP-based antiglaucoma fixed combi-
nation therapy, i.e., BT/nDHP&TM/nDHP, were examined in Angio-
poietin 1 gene knockout (A1l cKO) mice, a genetic model of open-angle
glaucoma. Before drug application, both eyes of A1 cKO mice had an
average of IOP of (23 £+ 3) mmHg, significantly higher than the wild type
baseline IOP, which was around 15 mmHg (Fig. 6a) [31]. The IOP
elevation was stable, and it showed no fluctuation daily either (Fig. 6a).
Both eyes of A1 cKO mice received a dose of fixed combination topically,
with one eye treated with free drugs and the other eye with formulated

drugs. IOP reduction is observed in both eyes treated with free drugs and
formulated drugs at 1 h and 24 h post-treatment (n = 6). The nDHP
treated groups exhibited an IOP value of 19.65 + 1.94 mmHg at 1 h post
treatment, which was significantly lower than that of the free group
(22.28 + 0.96 mmHg), with a P value of 0.026. The IOP lowering effect
at 24 h of the formulated group (18.68 + 1.35 mmHg) was also signif-
icant than the free drug group (21.15 + 2.10 mmHg, P = 0.047, Fig. 6b).
Together, the formulated drug exhibits potent and long-lasting effects on
controlling IOP.

4. Discussion

For a macroemulsion, an emulsion usually having micron-sized
droplets, high energy input is required [35,36]. The energy input is
generally from mechanical devices, including disperser, homogenizer,
and ultrasound generator [35]. We prepared pDHPs by using high-
shearing dispersion (30,000 rpm) generated by IKA disperser (T10
basic ULTRA-TURRAX). We continued our previous formula of
tween80/span80 1/5 (w/w) and surfactant-to-hexane 1/70 (v/v) [24],
but only adjusted the O/W ratio from 35/1 (v/v) to 10/1 (v/v) to finally
get microgels with different sizes: 3 ym and 9 pm on average. Unlike the
macroemulsion, a nanoemulsion with size ranges from 20 to 200 nm
could form spontaneously and does not require energy input [36]. Since
tween80 has a higher HLB value (Hydrophile-Lipophile Balance) of 15.0
than that of span80 (4.3), an increase of tween80 component helps
obtain smaller droplets in this water-in-oil emulsion system. Conditions
of tween80/span80 4.5/5 (w/w) and a mild stirring (500 rpm by mag-
netic stirrer) are used for nanogel formation. A much higher proportion
of surfactant with 3.7/70 (v/v) of surfactant-to-hexane is used for
nanogel. The O/W ratio to form a nanogel is increased dramatically to
762/1 (v/v).
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The cross-linking reaction of G5 with PEG-DA consumes most, but
not all, of the surface amines, resulting in the reduction of surface
charges of the formed gel particles. The cross-linking reaction of G5 with
PEG-DA is different with PEGylation of dendrimer. PEGylation of den-
drimer leads to a modified dendrimer molecule but still a single mole-
cule. However, the formation of dendrimer hydrogel particle is not a
simple process of “PEGylation of dendrimers”, but rather a process to
build a cross-linked structure. The 1:1 amine-to-acrylate ratio and the
steric hindrance when a dendritic molecule reacts with a linear polymer
chain lead to the generation of a cross-linked network with some amines
remaining unreacted. What is interesting is that, under the same

reactant concentration (10 wt% of G5), the degrees of un-reacted amines
in the gel particles of different sizes vary. Our work suggests that cross-
linked dendrimer network on the basis of aza-Michael addition reaction
degrade via self-triggered aminolysis, in which unreacted amine groups
attack ester bonds in the network [37]. When more amines participate in
the cross-linking reaction, the formed network will become more
structurally stable because of reduced aminolysis. The degradation ki-
netics of uDHPs and nDHPs was found to be size-dependent. The smaller
the particle size is, the more stable dendrimer gel particles are. nDHP is
more stable than uDHP10 and uDHP3. The lack of hemolysis toxicity of
DHPs as well as G5 and PEG-DA indicates the blood compatibility of
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DHPs.

Although the BT to G5 feed ratio is the same in the water phase, the
washing process results in different drug loss and finally leads to
different drug loading efficiency for different particles. Compared to the
quick release of BT from pDHPs, BT release was extended by nDHP and
showed zero-order release kinetics. By comparing the permeability co-
efficient of free BT, i.e., 4.5 x 10”7 cm/s, pDHP10 does not improve the
corneal permeability of BT at all, and pDHP3 only slightly improves BT’s
corneal permeability. BT from nDHP has obtained the highest perme-
ability coefficient. In addition, for BT/nDHP formulation, the transport
of BT across the cornea almost matches its drug release kinetics. It is
meaningful for a topical ocular delivery system to synchronize drug
transport to the anterior chamber of the eye with drug delivery and
release kinetics. The prolonged retention of pDHPs is ascertained by the
permeation of FITC-labeled pDHP and the presence of NiR dye-labeled
pDHP on the ocular surface. Since there are no cleavable bonds be-
tween FITC and dendrimer, and the degradation of microgel particles in
4 h is negligible, it is reasonable to believe that microgel particles have
permeated through the cornea. These preliminary studies confirm the
uDHP’s capacities of both prolonged retention on the cornea and
permeation across the cornea.

Since nDHP possesses high cytocompatibility and enables BT to have
significantly improved permeability, zero-order release kinetics, we
selected nDHP for further in vivo examination. Prior to in vivo studies,
we decided a safe dose of nDHP by assessing cytotoxicity of nDHP to
human cornea epithelium cells (HCECs), the foremost ocular barrier for
topically instilled drugs or formulations. Results show that nDHP is
acceptable to be used as topical antiglaucoma drug carrier at appro-
priate doses. The sustained potent IOP-lowering effect of BT/nDHP from
repeat once-daily dosing of BT/nDHP is attributed to the increased
corneal permeation, zero-order drug release, and retention in the cornea
stroma. This cumulative decline on IOP indicates the nDHP formulation
has the great potential to reduce dosing frequency. Angiopoietin/TEK
(ANGPT/TEK) signaling is critical for Schlemm’s canal (SC) formation
and function in mice and humans [31,38]. Mice lacking ANGPT1

BT/PBS BT/nDHPF'TC

Fig. 5. a) Images of rat eyes immediately after instillation of BT/nDHP*C, b) Ocular tissues of rat eyes following daily instillation of BT/PBS eye drops and BT/
nDHP™C PBS suspensions for 7 days, magnification 200 x . c¢) The whole globe tissue images of rat eye after 7 days’ instillation with BT/nDHP*'' PBS suspensions.
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develop a hypomorphic SC, which is insufficient for normal aqueous
humor outflow, resulting in sustained IOP elevation [38-40]. Angio-
poietin conditional knockout mice (Al cKO) exhibit consistent and
chronic IOP elevation from about 20-days of age, and the IOP elevation
is stable with age for individual mice, which makes it an ideal model
system to study the short- and long-term drug effects on IOP regulation.
The baseline IOP of wild type mice is around 15 mmHg, and the A1 cKO
mice develop ocular hypertension bilaterally, reaching ~ 20 mmHg by
6 weeks of age, and maintain an elevated IOP in adulthood [31]. The
reduced IOP in Al cKO provides further evidence of the delivery effi-
ciency of new formulation. Future studies will be centered on the
establishment of the pharmacokinetics of antiglaucoma drugs delivered
by nDHP and long-term protection on vision.

In view of the efficient IOP-lowering effect, the flexibility of multi-
drug loading and general applicability of this nDHP formulation, a
comprehensive mechanistic study including preocular retention, the
transport pathway and distribution after topical administration of nDHP
will be conducted in future work. The “nano-in-nano” dendrimer gel
formulation represents an advanced structure and innovative use of
dendrimer building blocks and it holds great potential in the application
of glaucoma therapy. The preocular retention study will be carried out
using fluorescent dye labeled nDHPs characterized by in vitro immu-
nocytochemistry and in vivo optical coherence tomography (OCT). The
pharmacokinetics of antiglaucoma drugs delivered by nDHPs,
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biodistribution and clearance of nDHPs will also be studied.

5. Conclusions

In this work, we successfully miniaturized dendrimer hydrogel to
form nanostructured dendrimer hydrogel particles (nDHPs) using the
IEaMA method developed by us. We identified parameters that are
essential for fabricating nanostructured dendrimer gel particles. This
method enables the scalable production of dendrimer gel particles with
tunable size and surface charge, which are closely related to cyto-
compatibility, corneal permeability, degradation, and drug release.
Compared to micron-sized dendrimer gel particles, nDHP promotes
corneal permeability and realizes zero-order release kinetics of anti-
glaucoma drugs. nDHP has a longer residence time in the cornea stroma
and makes the encapsulated antiglaucoma drugs exert sustained and
stronger IOP-lowering effects as confirmed in normotensive and genetic
glaucoma models. Based on its intrinsically new properties and ability to
enable antiglaucoma drugs to exert prominent IOP lowering effects, we
believe nDHP represents a new generation of advanced platform. Not
only do nDHPs retain the DH properties as we demonstrated before, but
they also have additional compelling features for antiglaucoma drug
delivery as follows: (i) it facilitates corneal permeation of combined
drugs at the ratio as prescribed by confining the drugs into particulate
structures; (ii) it has high drug encapsulation capacity for both hydro-
philic drugs (or drug salt form) and hydrophobic drugs as well as it
enables programmable synchronized release of the delivered drugs, a
key feature for precise dosing of ocular drugs in combinations; and (iii)
nDHPs have the potential for developing more efficient antiglaucoma
formulations and deliver emerging classes of new drugs such as Rho
kinase inhibitor for therapeutic interventions via multiple mechanisms.
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