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Abstract

In this work, we developed a mildly cross-linked dendrimer hydrogel (mcDH) via aza-Michael
addition of polyamidoamine (PAMAM) dendrimer G5 and polyethylene glycol diacrylate (PEG-
DA, M,=575 g/mol). We chose the antiglaucoma drug brimonidine tartrate as a model drug and
developed a new antiglaucoma drug formulation on the basis of mcDH. Cytotoxicity of the mcDH
formulation to NIH3T3 fibroblasts, in vitro drug release kinetics and ex vivo drug permeability
across the rabbit cornea were examined. We also studied interactions between PAMAM dendrimer
and the drug using *H NMR spectroscopy for a mechanistic understanding of brimonidine release
from the mcDH. mcDH was found to be efficient unionizing brimonidine tartrate to form and
encapsulate brimonidine free base for sustained release and enhanced corneal permeation.

Graphical Abstract

A mildly cross-linked dendrimer hydrogel (mcDH) via the aza-Michael addition of
polyamidoamine (PAMAM) dendrimer G5 and polyethylene glycol diacrylate (PEG-DA, M,=575
g/mol) was developed and tested for delivery of the antiglaucoma drug brimonidine tartrate.
mcDH was found to be efficient unionizing brimonidine tartrate to form and encapsulate
brimonidine free base for sustained release and enhanced corneal permeation.
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1. INTRODUCTION

Glaucoma is a group of diseases that can damage the eye’s optic nerve and result in
blindness. WHO estimated that by 2020, global glaucoma patients will reach 80 million.2
Early detection and treatment can effectively curb the deterioration of glaucoma. To date,
topical administration is the safest and effective treatment for most ocular diseases because
of ease of use and low-cost manufacturing.3-> Efforts have been devoted to develop drug
delivery systems to extend drug activity, thus reducing dosing frequency and improving
patient compliance.8-8 Topical drug vehicles are expected to be biocompatible,
mucoadhesive, and have suitable viscosity.? 19 Lipids, Hyaluronic acid, PEG, PLGA and
chitosan are commonly used polymers as topical drug delivery carriers and have been
fabricated into particles and hydrogels.12-19 In particular, particle-based colloidal drug
delivery systems help overcome the cornea barrier and realize prolonged drug release.20-22
In addition, they do not cause blurriness.2% Dendrimers constituted of a focal core and
successive branching units, are well-defined branched macromolecules with highly compact
three-dimensional nanostructures. The monomolecular dendrimer itself is a nanoparticle.
Dendrimers offer a high degree of flexibility in carrying drugs.24-27 Drugs can be either
covalently conjugated to the dendrimer surface or physically encapsulated into the inner
core.28-32 Also, the cationic dendrimers, for example, polyamidoamine dendrimer
(PAMAM), can be preferentially captured at the negatively charged corneal surface and
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therefore enhance the permeability of the formulations.33-35 In-situ forming hydrogels are
also often used as topical drug delivery systems because of ease of administration.36: 37 The
application of hydrogels can result in prolonged pre-corneal residence time and increased
ocular bioavailability.8 38 39 Qur group has developed a hybrid dendrimer hydrogel/PLGA
nanoparticles platform and used it to fabricate a brimonidine/timolol maleate combination
formulation for topical application.38 This platform is capable of enhancing drug
bioavailability and substantially sustaining drug activity following topical administration.

Recently we reported an in-situ forming PAMAM dendrimer hydrogel platform with tunable
properties prepared via the highly efficient aza-Michael addition reaction.?? In this work, we
chose the antiglaucoma drug brimonidine tartrate as a model drug and developed a new
antiglaucoma drug formulation using a mildly cross-linked dendrimer hydrogel (mcDH)
prepared by the aza-Michael addition reaction. We examined the cytotoxicity of the mcDH
formulation, drug release kinetics and ex vivo drug influx across rabbit cornea. The results
showed that a sustained in vitro brimonidine release and enhanced permeability had been
realized by using this mcDH. For a mechanistic understanding of brimonidine release from
the mcDH, we also studied interactions between PAMAM dendrimer and the drug.

2. MATERIALS AND METHODS

2.1. Materials

Diaminobutane (DAB) core PAMAM dendrimer generation 5 (PAMAM G5) was purchased
from NanoSynthons (Mt. Pleasant, MI). Polyethylene glycol diacrylate (PEG-DA, My=575
g/mol), brimonidine (free base), sodium taurodeoxycholate hydrate (STDC hydrate),
deuterated dimethyl sulfoxide (DMSO-dg) and tartrate were purchased from Sigma-Aldrich
(St. Louis, MO). Brimonidine tartrate (BT) (salt form) was purchased from AvaChem
Scientific (San Antonio, TX). Acetonitrile (ACN), water (HPLC grade), and phosphate-
buffered saline (PBS) were purchased from Fisher Scientific (Pittsburgh, PA). SnakeSkin
dialysis tubing with 3500 molecular weight cut-off (MWCO) was purchased from Thermo
Fisher Scientific (Waltham, MA). Fresh rabbit whole eyes were purchased from Pel-Freeze
Biologicals (Rogers, AR).

2.2 Formulation Preparation

Small batches of mcDH were prepared. For each batch, BT loaded dendrimer hydrogel
formulations (BT/mcDH) were prepared in two steps: 1) 300 1g of PAMAM G5 and 200 (g
of brimonidine tartrate in the presence or absence of 200 .g of permeation enhancer STDC
hydrate®! were mixed in 100 £ of pH 7.4 PBS and vortexed vigorously; 2) 380 /g of PEG-
DA was then added to the mixture and shaken overnight at 100 rpm. Brimonidine tartrate
PBS solutions (BT/PBS) were also prepared on the basis of 200 g per 100 L and included
as a control. The pH of each BT-containing formulation was measured by using an
accumet™ AE150 pH benchtop meter.

2.3 Rheological Testing

Rheological testing was performed using a 20 mm diameter disk on a temperature controlled
plate of an HR-3 Discovery Hybrid Rheometer (TA Instruments, New Castle, DE).3% Each
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set of samples was subjected to compression and shear stress at 25 °C. An amplitude sweep
test was performed to ensure that all the measurements were conducted within the linear
viscoelastic region. Oscillatory frequency sweep test was then carried out with a constant
strain of 0.1% in the frequency region of 0.1-10 rad/s.

2.4 Scanning Electron Microscopy (SEM)

DH was lyophilized and mounted on an aluminum stub and sputter-coated with platinum for
90 s. The SEM images of DH were taken on a JEOL LV-5610 scanning electron microscope
at 20 kV.

2.5 Cytotoxicity Assay

NIH3T3 fibroblasts were seeded at a density of 1x10* cells per well in a 96-well plate and
cultured for one day to allow cell attachment. The cells were then treated with mcDH and
BT/mcDH with STDC hydrate at various concentrations for 24 h and 48 h, respectively. Cell

viability relative to untreated cells was then determined by using WST-1 proliferation assay.
42

2.6 Ex Vivo Permeation Studies

Corneas were extracted from fresh rabbit eyes and mounted in a Franz diffusion cell system.
23 The permeability of brimonidine tartrate in BT/mcDH and BT/PBS was evaluated. The
receiver chamber was filled with PBS. BT-containing formulation (200 L) was loaded to
the donor chamber. At pre-determined time points up to 4 h, an aliquot of 500 z1 from the
receiver chamber was withdrawn and analyzed with HPLC. Fresh PBS (500 L) was added
to the receiver chamber following each sampling. Brimonidine tartrate in PBS (containing
200 pg of STDC hydrate) was also studied as a control. All the experiments were conducted
in triplicate. The permeability coefficient, 7, was then determined.43

2.7 In Vitro Drug Release Kinetics

BT/mcDH, BT/mcDH with STDC hydrate or BT/PBS (500 1) was transferred to a dialysis
tube (MWCO = 3500 Da) and suspended in 50-mL centrifuge tube filled with 30 mL of
PBS. The tube was maintained at 37 °C. At the pre-determined time points (15 min, 30 min,
1h,2h,4h,6h,24h,48h), an aliquot (1 mL) was withdrawn from outside the dialysis
tube and filled with an equal volume amount of fresh PBS. The withdrawn samples were
analyzed by using a reverse phase HPLC system equipped with UV detector.24 Cumulative
release of brimonidine was then determined. All the experiments were performed in
triplicate.

2.8 Study of Interactions between PAMAM Dendrimer and Brimonidine Tartrate

Brimonidine tartrate (5 mg) was added to 1 mL of pH 7.4 PBS solution containing 3 mg of
PAMAM dendrimer G5 at room temperature. The resulting precipitate was separated from
the mixture via centrifugation at 10 000 rpm, collected, washed with water, and freeze-dried.
The TH NMR spectrum of the precipitate in deuterated dimethyl sulfoxide (DMSO-dg) was
obtained on a Bruker 600 MHz spectrometer. The 1H NMR spectra of brimonidine (free
base) and brimonidine tartrate standards were also obtained for comparison.

J Biomed Nanotechnol. Author manuscript; available in PMC 2018 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Page 5

3. RESULTS AND DISCUSSION

3.1. mcDH Possessing both Fluidity and Gel Viscoelasticity

As shown in Scheme 1, a mildly cross-linked dendrimer hydrogel (mcDH) was prepared by
reacting PAMAM G5 at a low concentration (0.3 wt% aqueous solution) with short chain
PEG-DA (M,=575 g/mol) at a molar ratio of 1:64. The resulting mcDH remained in the
liquid form but displayed gel properties.

The linear viscoelastic region (LVR) of this liquid hydrogel was 0.1%—-1% according to the
amplitude sweep test result (Figure 1A). The frequency sweep test was then conducted at a
fixed strain within the LVR, i.e., 0.1%. As shown in Figure 1B, mcDH displays a typical
hydrogel viscoelastic behavior as its storage modulus (G”) is higher than its loss moduli (G
”y with frequency-independence at a lower frequency range. The SEM image of mcDH
(Figure 2) reveals the network morphology in the gel. The inset on the upper right corner of
the figure shows the rough texture as a result of the cross-linking. The results presented
above indicated that the formed mcDH possessed both fluidity and viscoelastic gel
properties, making it a suitable platform for the development of topical ocular drug
formulations.

3.2. Cytocompatibility of mcDH

The cytotoxicity of mcDH and BT/mcDH containing STDC hydrate on NIH3T3 fibroblasts
was tested. As shown in Figure 3, mcDH shows dose-dependent toxicity. However, it is
highly cytocompatible and has no toxicity at 34 wg/mL following 24 h or 48 h exposure. It is
nontoxic to the cells at 68 pg/mL following 24-h incubation. However, mcDH at 68 pg/mL
shows minor cytotoxicity when incubation time is extended to 48 h. BT/mcDH with the
addition of STDC hydrate has the similar dose-dependent toxicity. It has no toxicity at 34
ug/mL following 24 h or 48 h exposure. This result indicates that the BT loading and the
addition of permeability enhancer do not affect to the cytocompatibility of the formulation.

3.3. In Vitro Transport of Brimonidine across Cornea

Transport of brimonidine across rabbit cornea was tested for BT/PBS and BT/mcDH. The
flux of brimonidine in both PBS and DH kept increasing within the first 1 h and reached a
plateau afterward (Figure 4). Permeability was then calculated according to the linear range
(the first 1 h) of the cumulative flux curves. Without the use of permeation enhancer STDC
hydrate, the cornea permeability of brimonidine in BT/mcDH was determined to be
6.4x1077 cm/s, whereas the cornea permeability of brimonidine in BT/PBS was 4.5x10~/
cm/s. Permeation enhancer significantly improved brimonidine transport across the cornea.
It increased the permeability of brimonidine in BT/mcDH by 5-fold to 3.4x1076 cm/s. It also
improved the permeability of brimonidine in BT/PBS by 4-fold to 1.6x1076 cm/s. By using
permeation enhancer STDC hydrate, about 15 zg of brimonidine from BT/mcDH permeated
through the cornea, 50% more than that from BT/PBS.

3.4. In Vitro Drug Release Kinetics

Brimonidine was released quickly from BT/PBS. More than 70% of the drug was released
within 6 h and 100% drug release was achieved in 24 h (Figure 5). In contrast, a more
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sustained brimonidine release was achieved with BT/mcDH both with and without the
permeability enhancer STDC hydrate. A two-phase release profile was evident: an initial
burst release in the first 6 h and a more slowly release until 48 h.

To understand how mcDH achieves sustained brimonidine release, we investigated
interactions between PAMAM dendrimer and brimonidine tartrate during the formulation
process by using H NMR spectroscopy. Brimonidine free base has limited water solubility
while BT has good water solubility (34 mg/mL at pH 6.5).

During the BT/mcDH preparation process, we noticed that mixing BT (2 mg/mL) and
PAMAM dendrimer G5 (3 mg/mL) instantly turned the colorless solution into the yellowish
green. A red-shift in UV-Vis spectrum was detected (Figure 6A). We attributed the color
change and red-shift to the unionization of brimonidine tartrate (i.e., the formation of
brimonidine free base) by PAMAM dendrimer. To validate this assumption, we increased the
concentration of BT to 5 mg/mL in the presence of PAMAM dendrimer G5 (3 mg/mL),
leading to the production of a precipitate. According to IH NMR spectroscopy analysis
(Figure 7A), the resulting precipitate was determined to be brimonidine free base because
the spectrum matches that of brimonidine free base standard and does not show tartrate
proton signals. Since excess loading BT to dendrimer could cause precipitation, we further
investigated the full loading capacity of BT in the presence of PAMAM dendrimer G5 at 3
mg/mL. Especially, 3 mg of PAMAM G5 and different amounts of brimonidine tartrate (1
mg, 2 mg, 3 mg, 4 mg, 5 mg) were mixed in 1 mL of PBS and vortexed vigorously. The
mixtures were centrifuged at 10 000 rpm. 50 xL of each supernatant was picked up and
diluted to 1 mL. The UV absorbance at 309 nm of all the diluted solutions was measured at
UV-Vis spectrometer. The absorbance of the first three diluted solutions keeps increasing,
while the last two diluted solutions are the same as 1.47, which means adding 4 mg of BT
has exceeded the loading capacity. We then plotted the first three absorbance values as a
function of the concentration of BT (Figure 6D) and did a linear regression based on the
Beer-Lambertlaw. The linear equation is y = 8.44x-0.0263. The BT loading capacity to G5
is then determined to be 3.6 mg BT/3 mg G5/1 mL PBS.

BT/PBS had a pH of 7.1, which was relatively neutral. The pH of BT/mcDH was 7.6, closer
to the pH of the lacrimal fluid (7.45). The pH values of the two formulations are within the
ocular comfort range (6.6-7.8).44 Our study suggests that PAMAM dendrimer is efficient
unionizing brimonidine tartrate at a pH within the ocular comfort range. Driven by the
hydrophaobic interaction, brimonidine free base is entrapped into the dendrimer’s
hydrophobic core upon the unionization by the dendrimer (Figure 7B). Brimonidine exists in
three forms: free base form, salt form and encapsulation form. Brimonidine free base is a
lipid soluble form. Increasing pH causes a higher proportion of brimonidine free base form.
The proportions of brimonidine free base form and salt form (pKa=7.8) are affected by pH
and can be theoretically estimated by using the Henderson-Hasselbalch equation. Because of
an elevated pH and drug encapsulation by PAMAM dendrimer, a higher fraction of the
brimonidine free base form (39% vs. 17%) can be generated in BT/mcDH, accounting for
enhanced corneal permeation. Brimonidine free base form and salt form in the loosely 3-D
network of the mcDH are released primarily in the burst release phase I. Brimonidine
entrapped in the dendrimer core is released slowly and its release lasts longer and extends to

J Biomed Nanotechnol. Author manuscript; available in PMC 2018 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al.

Page 7

phase Il (Figure 8). This mcDH formulation enables the two-phase drug release kinetics.
The burst release in phase | within the first 6 hours allows the drug to rapidly reach an
effective concentration, whereas the sustained release in phase Il continuously supplies the
drug to maintain the therapeutic drug level over an extended period of time.

4. CONCLUSIONS

In this work, a novel mildly cross-linked dendrimer hydrogel through aza-Michael addition
was developed for topical delivery of brimonidine tartrate. The dendrimer hydrogel can
unionize brimonidine tartrate to form and encapsulate brimonidine free base for sustained
release and enhanced corneal permeation.
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Figure 1.

Rheological characterization of the mcDH. (A) Oscillatory amplitude sweep test. (B)

Oscillatory frequency sweep test.
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Figure 2.
SEM image of the mcDH.
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Cytotoxicity of the mcDH and BT/mcDH with STDC hydrate on NIH3T3 fibroblasts (n =

4).
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Figure 4.
Ex vivo transport of brimonidine across the cornea with the aid of the mcDH.
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In vitro release kinetics of brimonidine from PBS, mcDH with and without STDC hydrate at

37°C (n=3).
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Figure 6.
(A) UV-Vis spectra of brimonidine tartrate (2 mg/mL), PAMAM dendrimer G5 (3 mg/mL),

tartrate (0.7 mg/mL), the mixture of brimonidine tartrate (2 mg/mL) and PAMAM dendrimer
G5 (3 mg/mL), and the mixture of tartrate (0.7 mg/mL) and PAMAM dendrimer G5 (3
mg/mL) in deionized H,0. (B) UV-Vis spectrum of brimonidine in DMSO. (C) Pictures of
brimonidine tartrate aqueous solution (1#), brimonidine DMSO solution (2#), brimonidine
tartrate and PAMAM G5 mixture aqueous solution (3#), brimonidine tartrate loaded into
dendrimer hydrogel (4#). (D) UV-Vis absorbance at 309 nm as a function of the
concentration of brimonidine tartrate in the mixture of brimonidine tartrate and PAMAM
dendrimer G5.
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Figure7.
Interactions of PAMAM dendrimers and brimonidine tartrate. (A) It is postulated that upon

mixing, PAMAM dendrimer (D) unionizes brimonidine tartrate (BT), leading to formation
of brimonidine free base (B) in the solution as well as entrapment of brimonidine free base
into the dendrimer core (B-D) via hydrophobic interactions. Brimonidine exists in three
forms: BT, B, and B-D in the presence of PAMAM dendrimer. (B) IH NMR spectroscopy
analysis confirms that PAMAM dendrimer converts brimonidine tartrate to brimonidine free
base. a) H NMR spectrum of the precipitates resulting from mixing of brimonidine tartrate
and PAMAM dendrimer G5, & (ppm) 8.85 (d, /= 1.9 Hz, 1H), 8.69 (d, /= 1.9 Hz, 1H), 7.83
(d, 7= 9.0 Hz, 1H), 7.55 (d, J= 9.0 Hz, 1H), 6.53 (s, 2H), 3.40 (s, 4H) b) IH NMR spectrum
of brimonidine free base standard, & (ppm) 8.85 (d, /= 1.9 Hz, 1H), 8.69 (d, /= 1.9 Hz,
1H), 7.83 (d, J= 9.0 Hz, 1H), 7.55 (d, J= 9.0 Hz, 1H), 6.53 (s, 2H), 3.40 (s, 4H); and c) 1H
NMR spectrum of brimonidine tartrate standard. & (ppm) 8.93 (d, /= 1.9 Hz, 1H), 8.80 (d, J
=19 Hz, 1H), 7.94 (d, /= 9.0 Hz, 1H), 7.67 (d, /= 9.0 Hz, 1H), 4.17 (s, 2H), 3.48 (s, 4H).
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Figure8.
Two-phase brimonidine release from the mcDH. Phase I: burst release of brimonidine that

exists as free base and salt form in the cross-linked network; Phase I1: more sustained
release of brimonidine free base that is entrapped in dendrimer core.
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Scheme 1.
Preparation and structure illustration of the mcDH.
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