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1 | INTRODUCTION
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Abstract

Many disease pathologies, particularly in the eye, are induced by oxidative stress. In
particular, injury to the optic nerve (ON), or optic neuropathy, is one of the most
common causes of vision loss. Traumatic optic neuropathy (TON) occurs when the
ON is damaged following blunt or penetrating trauma to either the head or eye. Cur-
rently, there is no effective treatment for TON, only management options, namely
the systematic delivery of corticosteroids and surgical decompression of the optic
nerve. Unfortunately, neither option alleviates the generation of reactive oxygen spe-
cies (ROS) which are responsible for downstream damage to the ON. Additionally,
the systemic delivery of corticosteroids can cause fatal off-target effects in cases
with brain involvement. In this study, we developed a tunable injectable hydrogel
delivery system for local methylene blue (MB) delivery using an internal method of
crosslinking. MB was chosen due to its ROS scavenging ability and neuroprotective
properties. Our MB-loaded polymeric scaffold demonstrated prolonged release of
MB as well as in situ gel formation. Additionally, following rheological characteriza-
tion, these alginate hydrogels demonstrated minimal cytotoxicity to human retinal
pigment epithelial cells in vitro and exhibited injection feasibility through small-gauge
needles. Our chosen MB concentrations displayed a high degree of ROS scavenging
following release from the alginate hydrogels, suggesting this approach may be suc-
cessful in reducing ROS levels following ON injury, or could be applied to other ocu-

lar injuries.
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nerve pathology (e.g., glaucoma) and can be caused by several mecha-

nisms, including ischemia, malnutrition, chemical toxicity, tumor or

The optic nerve (ON) is a component of the central nervous system immunological insult, or trauma. Traumatic optic neuropathy (TON) is
responsible for transmitting visual information from the eye to the an ocular injury in which the force or motion of the globe or orbital
brain. Optic neuropathy results in visual dysfunction due to optic tissues is transferred from the eye or skull to the optic nerve. It can be
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characterized by transient or permanent vision impairment, associated
vascular damage and edema, and subsequent ON atrophy.? In civilians,
0.4% of trauma patients incur TON; this increases to 5% in cases involv-
ing closed-head injuries.>® Among soldiers, its incidence is higher, with
ocular trauma representing up to 13% of recent battlefield injuries.* The
current management options for the treatment of TON are inadequate
and include the systemic delivery of corticosteroids and surgical decom-
pression of the nerve. Both treatments are ineffective at improving
visual recovery, have side effects such as optic atrophy, complications
following surgical decompression,® and do not address secondary injury
mechanisms such as the unattenuated generation of reactive oxygen
species (ROS).® Moreover, systemic delivery of suitable agents is con-
traindicated owing to the presence of additional sources of trauma as
they can cause additional injury and even cellular death.! The ability to
deliver therapeutics locally to the eye or ON is therefore essential for
improving outcomes for TON patients.

Prolonged exposure to high ROS levels is known to disrupt nor-
mal physiology in many systems, particularly in the eye, inducing dam-
age to cellular organelles and processes.’ In the ON, high levels of
ROS can cause a multitude of cellular dysregulations, namely the
migration of inflammatory cells to the site of injury. These secondary
injuries contribute to the formation of glial scarring,® preventing tissue
recovery by inhibiting signal transduction following the primary injury
and contributing to permanent vision loss. Inhibition of oxidative
stress using ROS scavengers is therefore an appealing therapeutic
modality for mitigating secondary neurodegeneration.

Methylene blue (MB) is a potent ROS scavenger and neuro-
protective agent capable of crossing the blood-brain barrier with a dem-
onstrated inhibitory effect on glial cell migration in vivo.”** These
qualities, along with recent discoveries of recovery following traumatic

brain injury (TBI) and stroke in rats,*213

makes MB a promising thera-
peutic candidate for TON treatment. Due to its low molecular weight

and high-water solubility, direct local injection of MB to the ON would

be inadequate, leading to rapid diffusion of MB away from the site of
injury. By surrounding the injured nerve with a MB-loaded degradable
scaffold, we hypothesize that drug elution would be better facilitated,
allowing for a more sustained therapeutic release. The novelty of this
study is the use of a tunable injectable hydrogel loaded with a neuro-
protective and ROS scavenging agent. A recent study demonstrated
delivery of erythropoietin through microparticles to scavenge ROS for
treatment of TON, demonstrating further potential of this approach.*
Alginate-based hydrogels were selected as the drug delivery vehicle
in our study due to their biocompatible nature and extensive usage in
tissue engineering and drug delivery applications.*>¢ Typically, aqueous
alginate is externally crosslinked by the addition of dissolved Ca®* ions,
forming a hydrated scaffold. This method was initially investigated for
our TON treatment, but it induced rapid gelation, limiting its injection

1,7 introduced an

feasibility through a small gauge needle. Draget et a
internal method of alginate crosslinking (Figure 1), in which insoluble cal-
cium carbonate (CaCQOs) particles are evenly distributed throughout the
alginate solution before the addition of a slow hydrolyzing proton donor,
in our case, p-glucono-lactone (GDL). Alginate is a polysaccharide com-
posed of two residues, (1-4)-linked B-p-mannuronate (M), and
a-L-guluronate (G). The internal method of crosslinking slows the pro-
cess of gelation to a rate that accommodates mixing of all components,
subsequent injection through a small gauge needle, and in situ hydrogel
formation. By modulating the concentrations of the hydrogel's constitu-
ents in this study, we developed a hydrated polymeric scaffold with tun-
able mechanical properties and gelation times. Previous studies have
evaluated alginate gels crosslinked with CaCO3 as an injectable vehicle
for osteoblast delivery in tissue engineering applications*®-2% however,
an extensive evaluation of its drug delivery capabilities has yet to be
studied, which we addressed in this study. Given the need for a TON
treatment that addresses the current limitations, internally crosslinked
MB-loaded injectable alginate hydrogels could potentially lower levels

of ROS and effectively improve visual recovery following injury,
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FIGURE 1

Diagram of crosslinking reaction and final hydrogel structure. (a) Alginate is a polysaccharide copolymer composed of two

residues, (1-4)-linked p-D mannuronate (M), and a-L-guluronate (G).>® The patterning and ratio of these residues can significantly impact the
material properties of alginate gels. (b) Schematic of the crosslinking reaction between the proton donor p-glucono-lactone (GDL), the calcium ion
source CaCOj3 and the alginate polymer. The reaction generates three products—gluconic acid, carbon dioxide, and the calcium ion-alginate
complex. (c) Once Ca?* is freed by GDL, the free ion interacts with alginate's carboxyl group to form ionic crosslinks between polymers.>?



MAXWELL €T AL.

representing a potentially significant advancement over the current
treatment methodology.

With the above considerations, the purpose of this study was to
use design of experiments to synthesize tunable alginate hydrogels
loaded with MB through internal crosslinking and in situ gelation.
Modulation of hydrogel properties using statistical methods enables
prediction of delivery system properties,?* providing an opportunity
to tailor the properties for specific drug delivery applications, particu-
larly in the eye. We hypothesized that MB stimulated by oxidative
stress could achieve ROS scavenging and effectively halt the genera-
tion of deleterious reactive species, representing a potential new
treatment option for optic neuropathies and traumatic ocular injuries.

2 | MATERIALS AND METHODS

21 | Materials

Sodium alginate (Protanal PH 1033, M/G ratio 55-65/35-45, 300-
800 mPa-s viscosity at 0.5%) was provided by FMC Biopolymer
(Philadelphia, Pennsylvania). Methylene blue (MB) and Dulbecco's

TABLE 1

Formulation ID Formulation name

1 C/G1.6/71 0.469
2 C/G25/7/1 0.733
3 C/G34/71 0.997
4 C/G1.6/94 0.469
5 C/G25/94 0.733
6 C/G3.4/94 0.997
7 C/G1.6/11.7 0.469
8 C/G 2.5/11.7 0.733
9 C/G3.4/11.7 0.997
10-L C/G0.4/0.4 0.500
11 C/G0.9/0.8 0.500
12 C/G1.7/15 0.500
13 C/G3.4/3.0 0.500
14 C/G 0.4/0.8 1.000
15 C/G0.9/15 1.000
16-M C/G1.7/3.0 1.000
17 C/G3.4/6.1 1.000
18 C/G0.4/11 1.500
19 C/G0.9/2.3 1.500
20 C/G1.7/4.6 1.500
21-H C/G3.4/9.1 1.500

Ca>*:Alginate monomer (mol:mol)

Y sk W LEY-_L%2

phosphate-buffered saline (DPBS) were purchased from Sigma-Aldrich
(Saint Louis, Missouri). Calcium carbonate (CaCOs) was purchased from
ChemProducts (Tualatin, Oregon). p-(+)-glucono-1,5-lactone (GDL) was
purchased from Alfa Aesar (Haverhill, Massachusetts). Colorimetric 3-(4,-
5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium (MTS) assay and 2,7-dichlorodihydrofluorescein diacetate
(DCFH-DA) assay were purchased from Fisher Scientific Inc. (Hampton,
New Hampshire). Human retinal pigment endothelial cells (ARPE-19, ATCC
CRL-2302) were purchased from American Type Culture Collection (ATCC)
(Manassas, Virginia). Dulbecco's Modified Eagle's/Nutrient Mixture F-12
Ham's Medium (DMEM/F-12), phenol-free DMEM, fetal bovine serum
(FBS), penicillin-streptomycin (PS), trypsin, dimethyl sulfoxide (DMSO) and
hydrogen peroxide (H,O,) were all purchased from Thermo Fisher Scientific
(Waltham, Massachusetts).

2.2 | Hydrogel synthesis
Alginate hydrogels were prepared based on methods reported in liter-
ature with modifications.!? Twenty one total hydrogel formulations

were prepared and evaluated using design of experiments to modify

Composition of hydrogel formulations prepared and evaluated

GDL:CaCO3 (mol:mol) [CaCO3] (mg/ml) [GDL] (mg/ml)
2493 1.6 7.1
1.596 25 7.1
1.173 34 7.1
3.301 1.6 9.4
2.113 25 9.4
1.553 34 9.4
4.109 1.6 11.7
2.630 25 11.7
1.933 34 11.7
0.125 0.4 0.4
0.250 0.9 0.8
0.500 1.7 1.5
1.000 34 3.0
0.125 0.4 0.8
0.250 0.9 1.5
0.500 1.7 3.0
1.000 34 6.1
0.125 0.4 1.1
0.250 0.9 2.3
0.500 1.7 4.6
1.000 34 9.1

Note: The alginate hydrogels were designed based on their ability to form solid homogenous hydrogels. Formulations consisted of 180 mg sodium alginate
with varying molar concentrations of CaCO3; and GDL. The final GDL and CaCO3; concentrations were modulated based on preliminary hydrogels (1-9).
Molar concentrations of GDL:CaCOgj ratios ranged from 0.125 to 1.00. Aqueous 1 mg/ml MB was also added to each formulation, except in ROS studies
in which MB ranged from 0.05 to 2.0 mg/ml to assess the influence of MB concentration on ROS scavenging ability. In select studies, formulations 10, 16,
and 21 were further evaluated and labeled as L, M, or H, for low, medium, and high concentrations. The second column denotes a naming scheme with

ratio of [CaCOs]/[GDL].
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alginate, CaCO3; and GDL concentrations. The first nine formulations
were selected based on their consistency in forming solid homoge-
neous hydrogels (Table 1). These nine gels served as the models for
pH testing in preliminary experiments (see Section 2.4).

Briefly, sodium alginate (0.63%-1.85% final w/v in gel) was dis-
solved in deionized (DI) H,O by vortexing for 30 s and heating in
37°C water for 24 h. Aqueous 1 mg/ml MB was added to a final con-
centration of 0.05 mg/ml, followed by the addition of CaCO3; and
vortexed. As gelation is initiated rapidly following addition of GDL,
the solution was quickly transferred to a mold or onto the rheometer
stage following subsequent mixing of all components.

To prepare the remaining hydrogel formulations (10-21), GDL:
CaCO3 molar ratio concentrations were based off of the original nine
formulations that exhibited a neutral pH of 7.0+ 1.0 (Table 1,
Figure 2), which would be more suitable for biomedical application.
These GDL:CaCOj ratios ranged from 0.125 to 1.00. The Ca®*:algi-
nate monomer molar ratios were also evaluated as a design factor and
varied from 0.5 to 1.5. The ratios were selected to assess the influence
of alginate and crosslinker concentrations on drug release, gelation time,
and viscoelastic properties. Hydrogel formulations were selected as rep-
resentative low (L), medium (M) and high (H) concentration hydrogels
due to GDL:CaCO3 molar ratios of 0.125, 0.500, and 1.00 (formulations

10, 16, 21, or L-10, M-16, and 21-H, respectively). These three
formulations were further analyzed in cytotoxicity and ROS experiments
(see Sections 2.8 and 2.9).

2.3 | Cellculture

A human retinal pigment epithelial cell line (ARPE-19, ATCC® CRL-
2302™) was selected for in vitro studies due to its availability and use as
a standard cell line for ocular toxicity and ROS studies. Cells were cul-
tured in DMEM/F-12 supplemented with 10% FBS and 1% PS at 37°C
and 5% CO, and were used for in vitro analysis at 80% confluency.

24 | Hydrogel pH

The pH values of alginate hydrogel formulations 1-9 were evaluated
using a calibrated pH probe (Mettler Toledo, InLab Expert Pro-ISM,
Columbus, Ohio) for 72 h to evaluate pH evolution over time. These
tests were then used to inform the final compositions of hydrogel for-
mulations 10-21. The final pH after 72 h was reported as the equilib-
rium pH (pHg).

@
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of 0.8 (p <.0001) (n = 3).
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2.5 | Gelation kinetics and mechanical properties
Oscillatory shear rheology was used to characterize the gelation kinet-
ics, strain amplitude response, and frequency response of alginate
hydrogel formulations 10-21.22 The rheometer used was a Malvern
Panalytical Kinexus Ultra+ (Malvern, United Kingdom) with a 20 mm
titanium parallel plate upper geometry (PU20 SW1511 TI) and alumi-
num lower geometry (PLC61 S3722 AL). For all rheological tests, the
gap height between the lower and upper geometries, the temperature
and sample size were kept constant at 1 mm, 37°C and 375 pl,
respectively.

To measure the gelation kinetics of alginate hydrogels, the algi-
nate solution was dispensed as a liquid directly onto the lower geome-
try of the rheometer immediately following the addition and mixing of
GDL. A constant frequency and strain amplitude of 1 Hz and 1%
respectively (within linear viscoelastic region), were applied to the
sample with its resulting shear stress measured every 5 s for 2 h. The
gelation time was defined as the time which gelation had terminated
and was determined from the constant frequency and strain test as
the first timepoint where complex shear modulus (G*) did not increase
by more than 1% of the average of the 10 previously collected mea-
surements.?? A frequency sweep test immediately followed the gela-
tion test, evaluating the frequency response of the hydrogel. Here, a
constant strain amplitude of 1% was applied to the sample while fre-
guency increased from 1 to 100 Hz. The stiffness of the hydrogels is
reported as the value of G* at 1 Hz from frequency sweep tests.

Representative low, medium, and high concentration CaCO3; and
GDL hydrogels (formulations 10-L, 16-M, and 21-H, or C/G 0.4/0.4,
1.7/3.0, 3.4/9.1, respectively) were additionally subjected to an ampli-
tude sweep test to evaluate strain amplitude response. A constant fre-
quency of 1 Hz was applied to the sample while the strain amplitude
increased from 0.1% to 100%, and resulting stress was measured. All
rheological studies were repeated (n = 3) for formulations 10-L,
16-M, and 21-H both with and without the addition of 1 mg/ml MB.

2.6 | Hydrogel swelling and MB release

One milliliter samples of hydrogel formulations 10-21 were cast in
pre-weighed 15 ml conical tubes and weighed. Hydrogels were then
immersed in 1 ml DPBS at 37°C and at regular intervals (0, 1, 3, 7, and
14 days), DPBS was removed and the mass of the hydrogels was
recorded. Results were calculated according to the following
equation:

Ms —Mp

— 07
Q= Mo x 100%

where Q is the swelling ratio, Ms is the mass of the formed hydrogel
following incubation in DPBS at 37°C and excess water removal and
Mp is the mass of the 1 ml alginate solution placed in the tube.?® The
resulting hydrogels were cylindrical with 17 mm diameter and approx-

imately 15 mm height. Formulations 1-9 were not included as

Y sk W LEY-_L%2

preliminary testing revealed GDL:CaCO; ratios of less than 2.0
yielded neutral pH values and, more specifically, GDL:CaCOgs ratios of
0.25-1.0 had predetermined crosslinking maximums between Ca®*
ions and alginate. As such, the concentrations of GDL and CaCOg for
the selected hydrogels ranged from 0.80 to 9.10 mg/ml and 0.40 to
3.40 mg/ml, respectively. All swelling studies were repeated (h = 5)
for formulations 10-L, 16-M, and 21-H both with and without the
addition of 1 mg/ml MB.

The release kinetics of MB were evaluated using the same formu-
lations (10-21) evaluated for swelling, using published techniques for
in vitro drug delivery evaluation for the ON.'* One milliliter hydrogels
(10-21) loaded with 1 mg/ml MB were created. Following immersion
in DPBS and incubation at 37°C, 1 ml DPBS was removed at the given
intervals (0, 1, 3, 7, and 14 days). One hundred microliter samples of
the DPBS were placed in a 96 well-plate and absorbance measured.
The concentration of MB remaining in hydrogels following DPBS incu-
bation was then determined using a standard concentration-
absorbance curve measured at 630 nm using a plate reader
(BioTekEIx808, Winooski, Vermont). The standard curve was prepared
with seven concentrations of MB from 0.625 to 40.0 pg/ml plus a
blank (0 pg/ml). DPBS was used as it is the eluent that has been used
for other in vitro ON release studies.'*

2.7 | Hydrogel degradation

One milliliter hydrogel solutions based on formulations 10-21 were
cast in pre-weighed 15 ml conical tubes and weighed. After incubation
at 37°C for 72 h, excess water was removed from the tubes and
hydrogels were weighed again to determine weight following incuba-
tion. Hydrogels of the same dimensions used in 2.6 were immersed in
10 ml 1X DPBS with MgCl, and CaCl, at 37°C for O, 1, 3, 7, or
14 days. At each timepoint, the DPBS was removed, the hydrogels
were frozen at —80°C for 24 h and lyophilized for 24 h. Hydrogel deg-
radation was reported as the percentage change in the mass of dry
components used to create the hydrogel to the dried hydrogel mass
after lyophilization (Labconco, Kansas City, Missouri). All degradation
studies were repeated (n = 5) for formulations 10-L, 16-M, and 21-H
both with and without the addition of 1 mg/ml MB.

2.8 | Hydrogel cytotoxicity

The biocompatibility of representative low, medium and high GDL:
CaCOj; concentration hydrogels, ratios of 0.125, 0.500, and 1.00 (for-
mulations 10-L, 16-M, 21-H, respectively), were evaluated using an
MTS assay using methods adapted from Niu et al.>* ARPE-19 cells
were first seeded at 5 x 102 cells per well in 96-well clear bottom tis-
sue culture (TC) plates and incubated for 24 h in 200 pl base media
(DMEM/F-12, 10% FBS, 1% PS). One milliliter hydrogels were formed
in 15 ml conical tubes and allowed to completely gel for 72 h before
60 min UV light exposure to sterilize the gels prior to testing.?® The

hydrogels were then immersed in 1 ml base media for 24 h prior to
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media collection. Cells were incubated in 200 pl samples for 48 h prior
to performing the MTS assay. A positive control of base media
(DMEM/F-12, 10% FBS, 1% PS), negative control of 1:9 dimethyl sulf-
oxide (DMSO): growth media?® and blank of phenol-free DMEM were
used to validate the assay. After incubation, the hydrogel-soaked
media was removed and each well washed three times with 200 pl
DPBS. Next, 180 pl of phenol-free growth media and 20 pl MTS
reagent were added to each well and incubated for 4 h. Optical den-
sity (OD) of the MTS-treated media was measured at 490 nm using a
BioTek EIx808 plate reader. All samples and controls were run in

triplicate.

29 | ROS scavenging

A DCFH-DA assay was used to evaluate the ability of MB to scavenge
ROS in cell culture based on the methods of Voloboueva et al.?’
ARPE-19 cells were seeded on 96 well plates at a density of 2 x 10%
cells per well in DMEM/F-12 media supplemented with 10% FBS and
1% PS and incubated for 24 h. MB at concentrations of O mg/ml (posi-
tive control), 0.05, 0.25, 0.50, 1.0, and 2.0 mg/ml; a positive control of
H,0,; and a negative control of DPBS were added to the wells and
incubated for 24 h. Following incubation, the media was removed and
100 pl of DCFH-DA solution was added to each well and incubated
for 1-2 h. The cells were washed with DPBS once and the excitation
and emission wavelengths, 485 nm and 535 nm, respectively, were
measured using a microplate reader.

To further confirm the ROS scavenging ability of MB, 1 ml repre-
sentative hydrogels (formulations 10-L, 16-M, 21-H) were formed in
15 ml conical tubes and allowed to gel for 72 h. Following gelation,
the hydrogels were sterilized by exposure to UV light for 1 h. The
hydrogels were then immersed in 1 ml base media for 24 h before
media collection. ARPE-19 cells were seeded on a 96 well-plate with
2 x 10* cells per well in base growth media and allowed to grow for
24 h. The culture media was removed and the hydrogel-soaked
medium was added to the wells. Hydrogen peroxide (10 pl, 600 uM
final concentration) was added to test wells while DPBS was added to
the other wells as a negative control. Hydrogel formulation 16-M
(medium concentration C/G 1.7/3.0) without MB was included as an
additional negative control. Cells were incubated for 24 h. Following
incubation, the media was removed and 100 pl of DCFH-DA solution
was added to each well and incubated for 1-2 h. The cells were thor-
oughly washed with PBS, and the excitation and emission wave-
lengths were measured at 485 and 535 nm, respectively. All samples

were run in triplicate, and tests were repeated at least three times.

2.10 | Injection feasibility

Four different hypodermic needle gauges (22, 25, 27, and 30-gauge)
were used for the assessment of hydrogel injection feasibility. The
hydrogels were loaded as both a liquid precursor and preformed gel

into a 1 ml syringe connected to the needles. The needles chosen for

this study have similar diameters to others available for retrobulbar

and intravitreal injections, which are performed clinically.2®2°

211 | Statistical analysis

Statistical analysis was performed using Microsoft Office Excel and
R-Studio. Differences between two groups were compared using
two-tailed Student's t-tests. Differences between more than two
groups were tested using one-way analysis of variance (ANOVA) with
post-hoc Bonferroni corrections or two-way ANOVA with post-hoc
Tukey-Kramer pairwise comparisons. Statistical significance was
defined as p < 0.05. All results are reported as the average + standard

deviation (SD) with at least n = 3 replicates.

3 | RESULTS

3.1 | Hydrogel pH

The pH of hydrogel formulations 1-9 was recorded for 72 h
(Figure 2A), with all formulations originating at pH ~6. Grouping
among the hydrogels based on GDL:CaCO3; molar ratios was ini-
tially observed around 10 h and continued through to the end of
the study. Formulations 2, 3, 6, and 9 (C/G 2.5/7.1, 3.4/7.1,
3.4/9.4, 3.4/11.7) had ratios of 1.60, 1.17, 1.55, and 1.93, respec-
tively. Their average final pH value (at 72 h) was 6.39 + 0.17. The
remaining formulations, 1, 4, 5, 7, and 8 (C/G 1.6/7.1, 1.6/9.4,
2.5/9.4, 1.6/11.7, 2.5/11.7), had GDL:CaCO; ratios >2.0; 2.49,
3.30, 2.11, 4.11, and 2.63, respectively. Their average final pH
value was much lower, 4.06 + 0.33. Additionally, a higher variabil-
ity among the pH values of the more acidic hydrogels (1, 4, 5, 7, 8)
was observed; however, the variability may be explained by the
larger range of GDL:CaCOg ratios.

ANOVA was performed to analyze differences between the
hydrogel formulations and their resulting pH values. It was deter-
mined that there were significant differences between the hydrogel
formulations (p = 6.6 x 107%) and their pH values (p = 2.5 x 107°). A
post-hoc Tukey test revealed further grouping among the hydrogels
with significant differences between the ratios less than 2.0 and
greater than 2.0. Formulations with ratios from 1.173 to 2.113 (for-
mulations 2, 3, 6, 9) and ratios from 2.493 to 3.301 (formulations 1, 4,
5, 7, 8) were statistically different the other group (p < 0.001) but not
within their groups (p = 0.151). A Student's two-sample t-test was
performed analyzing the pH differences between formulations of
GDL:CaCOg ratios less than and greater than 2.0 at various timepoints
from the start of the study. It was determined that there was no sta-
tistical difference between the two groups at 0, 0.5, 1 and 3 h
(p values 0.737, 0.476, 0.109, 0.112, respectively); however, there
was a significant difference between the pH values of the two groups
at 24, 48 and 72 (p values 1.9 x 107>, 3.6 x 1075, and 2.5 x 107>,
respectively). Greater molar concentrations of GDL and CaCOj cau-

sed significantly lower pH values as evidenced in Figure 2A.
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TABLE 2 Quantification of the
complex shear modulus and gelation
times of hydrogels 10-21

Formulation ID
10-L
11
12
13
14
15
16-M
17
18
19
20
21-H

Y st W LEY-_L%%

Formulation name Gelation time (s) G* at 1 Hz (Pa)

C/G0.4/0.4 2800 + 40 36+16
C/G0.9/0.8 2035 + 120 60 + 21
C/G1.7/15 1230 £ 85 125+ 48
C/G3.4/3.0 2000 + 97 78 £ 15
C/G0.4/0.8 2310+ 20 60 + 26
C/G0.9/1.5 1540 + 110 113+ 53
C/G1.7/3.0 1285 + 250 247 = 150
C/G34/6.1 720 + 60 560 + 34
C/G0.4/11 2190 £ 42 70+ 34
C/G0.9/2.3 1400 + 80 190 £ 90
C/G1.7/4.6 1070+ 70 310 + 140
C/G34/91 675 + 200 225+ 110

Note: All hydrogels had a G* of at least 35 Pa at 1 Hz and took at least 1 h to reach equilibrium

stiffness (n = 3).
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FIGURE 3 Gelation characterization of hydrogel formulations.
Time sweep results of hydrogel formulations 10-21. Gelation times
ranged from 707 + 59 t0 2803 £+ 40 s (n = 3)

GDL:CaCO3; molar ratios were plotted against pHg over 72 h
(Figure 2B). As determined previously, the molar concentration of
GDL and CaCOj3 influenced formulation pH with greater molar con-
centrations of GDL and CaCOs contributing to a lower pH. As such,
formulations close to neutral pH were evaluated in subsequent stud-
ies. Low, medium, and high concentration ratios were additionally
selected based on this neutral pH. Ratios of 0.125, 0.5, and 1.0 were
chosen as our low, medium, and high concentration hydrogels (10-L,
16-M, 21-H).

3.2 | Rheological characterization

Alginate hydrogel formulations 10-21 were prepared by varying
CaCO3 and GDL molar concentrations as shown in Table 1. Time
sweep rheological analysis (Table 2, Figure 3) found that the different
concentrations of the hydrogel components had an observable influ-

ence on complex shear modulus (G*). As the concentrations of both

CaCOg3 and GDL increased, the complex shear modulus also increased.
A two-way ANOVA with Tukey pairwise comparison revealed that
complex shear moduli for formulations 12, 13, 15, 16, 17, 19, 20, and
21 were statistically different from each other (p < 0.001). These dif-
ferences corresponded to hydrogels with increasing GDL content. As
GDL releases H* ions, the calcium ions in CaCOg are free to crosslink
alginate. Although both GDL and CaCOs3 are required for crosslinking
alginate via this mechanism, an increasing availability of calcium ions
through GDL concentration appears to have a more significant impact
than having calcium present when bound to CaCOg;

A one-way ANOVA revealed that there were statistically signifi-
cant differences between the hydrogel formulations and their respec-
tive gelling times (p = 3.3 x 10~°). Tukey-Kramer's test for pairwise
comparisons found multiple differences between the hydrogels
(Table 3). The gelation times for formulation 10-L (C/G 0.4/0.4) was
significantly different from all formulations. Noticeable differences
and trends between the low, medium and high concentration hydro-
gels were observed. Additionally, gelling time was found to be tunable,
decreasing with higher concentrations of both GDL and CaCOs. Addi-
tionally, all hydrogels exhibited a storage modulus significantly greater
than their loss moduli and had a G* of at least 35 Pa at 1 Hz.

The observed influence of the hydrogel composition on G* is
detailed in Figure 3. When the Ca®*:alginate and GDL:CaCOj ratios
were 0.500-1.000 mol:mol and 0.125-0.250 mol:mol, respectively,
G* gradually increased with time and respective gelation times were
among the lowest (formulations 10, 11, 12, 13, 14, 15, 18), ranging
from 1517 to 2803 s, or 20 to 48 min. When the Ca“:alginate and
GDL:CaCOj3 ratios were 1.000-1.500 mol:mol and 0.250-0.500 mol:
mol respectively, G* increased more rapidly with time and respective
gelation times ranged 1055-1400s, or 17-23 min (formulations
16, 19, 20). Lastly, when Ca?*:alginate and GDL:CaCO3 mol concen-
trations were 0.500-1.000 and 0.125-0.250 mol:mol respectively, G*
dramatically increased within a short period of time and respective
gelation times were among the fastest, averaging 660-707 s or

around 11 min to gel completely (formulations 17, 21). Additionally,
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TABLE 3 Post-hoc comparisons using Tukey-Kramer's test
10-L 11 12 13 14 15 16-M 17 18 19 20 21-H
10-L 1600* 720* 510* 1200* 1530* 2080* 630* 1400* 1700* 2100*
11 800* 58 280 460* 750* 2000* 150 670" 970* 1300*
12 1080* 350 50 500* 960* 140 170 490*
13 510* 810* 1400* 98 720* 1020* 1300*
14 1030* 1600* 120 940* 1200* 1600*
15 300 840* 610* 210 510* 840*
16-M 910* 85 220 540*
17 630* 330 8.0
18 1100*
19 300
20
21-H

Note: The mean differences between gelation times of hydrogel formulations 10-21 were recorded. Significance at the p < 0.05 level is indicated by
asterisk (*). Nonsignificant comparisons are bolded. Slight grouping between low (10-L), medium (16-M), and high (21-H) GDL:CaCO, concentration

hydrogels was observed.
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There is a positive exponential
relationship between increasing frequency
and complex shear modulus. (b) Complex
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each group was statistically different from each other (p = 0.0447),
confirming that these ratios can significantly influence gelation times.
Immediately following the gelation test, a frequency sweep was
run on each hydrogel sample in triplicate with the result reported as
the average + SD (n = 3). Figure 4 details the viscoelastic properties
of the alginate hydrogels. Similar to the grouping for the gelation test,
there was further grouping observed between low, medium and high
concentration alginate hydrogels. The lower crosslinker concentration
hydrogels (GDL:CaCOj3 ratios of 0.125 and 0.250) corresponded with
softer hydrogels whereas higher crosslinker concentration hydrogels
(GDL:CaCOgs ratios of 0.5 and 1.0) were stiffer. The data show that by
varying the components of the gels, a significant influence on complex
shear modulus and gelation time were observed (p < 0.05). Further-
more, there were no significant differences in complex shear modulus
at 1% strain and 1 Hz with or without MB (p = 0.550, 0.998, and
0.560, respectively for formulations 10-L, 16-M, and 21-H) (n = 3).
The strain amplitude response of low, medium, and high concen-
tration hydrogels of both CaCO; and GDL, GDL:CaCO; ratios of
0.125, 0.500 and 1.00, respectively (10-L, 16-M, 21-H), were evalu-
ated via amplitude sweep. A one-way ANOVA was used to determine

GDL:CaCO3 (mol:mol)

04 06 08 1 moduli, as determined by two-tailed

t-test (p < 0.05).

whether storage modulus (G') differed between formulations 10, 16,
and 21. Low (formulation 10) and high (formulation 21) concentration
hydrogels and medium (formulation 16) and high concentration hydro-
gels were significantly different from each other (p = 0.0021 and
0.0006, respectively). The storage modulus (G') increased from low to
high concentration hydrogels. All hydrogels contained a linear visco-
elastic (LVE) region response to dynamic shear stress, up to at least
10% strain (Figure 5). Formulations 16-M and 21-H were damaged at
higher strains. Formulation 21-H demonstrates a sharp increase in
complex shear stress followed by a decrease around 20% complex

shear strain, indicative of hydrogel “fracturing.”

3.3 | Swelling and MB release of alginate
hydrogels

The swelling and MB release profile of the hydrogels was recorded
in vitro over a period of 14 days (Figures 6B and 7A, respectively).
The degree of equilibrium swelling varied among hydrogels, ranging
from 0% to 150%. Formulations 12 and 21-H had the lowest and
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highest swelling percentage, respectively, correlating to low and high
GDL:CaCO; ratios, 0.125 and 1.00, respectively. The degree of swell-
ing variations is indicative of the components within the hydrogels.
Low and medium concentration (GDL:CaCOs ratios of 0.125 and 0.5,
respectively) hydrogels had degrees of swelling reported around
100%-120%, whereas high concentration hydrogels exhibited swell-
ing above 120%.

Low concentration hydrogels among all time points displayed the
lowest degree of swelling over time whereas higher concentration
hydrogels had the highest degree of swelling, as expected. CaCO3
values were found to influence swelling over time with the lowest
GDL:CaCOs ratio swelling most rapidly. The ratio of Caz*:alginate
was the primary driver of hydrogel swelling with the highest ratios
swelling the most overall. For formulations 10-L, 16-M, and 21-H,
swelling was significantly different for all time points after day 1, with
10-L swelling the least and 21-H swelling the most. Formulation 21-H
had significantly increased swelling compared to the other formula-
tions at all-time points. Hydrogels prepared with Ca”:alginate ratio of
0.50 were at approximately equilibrium swelling as formed.

Table 4 compares swelling data for formulations 10-L, 16-M, and
21-H both with and without MB incorporated. While most of these
differences were not statistically significant, it can be noted that for-
mulations without MB swelled slightly more than formulations with
MB, particularly at early time points. This was true for all formulations
on days 1 and 2. By day 7, this difference was no longer seen for for-
mulation 10-L, but was amplified in formulations 16-M and 21-H. On

Formulation 10-L

Formulation 16-M

Y sk W LEY_L%2

days 7 and 12, the SDs increased, likely due to gels losing crosslinks
over time.

MB release from the hydrogel formulations is further detailed in
Figure 7. Among all hydrogels, an initial burst release was observed
within the first 5 days, with over 50% MB released. Following the ini-
tial burst, a slower and more sustained release followed until the
hydrogels disintegrated. Lower concentration hydrogels had the most
cumulative MB release (~90%) by 12 days, the point at which the algi-
nate hydrogels were mostly disintegrated and released remaining
MB. The formulations with the fastest release rate had the lowest
GDL:CaCO5 ratios (0.125). Furthermore, formulation 14 had the
fastest release rate and also had the lowest GDL concentration. The
formulations (13, 17, 21-H) with the lowest values of MB release had
the highest values of GDL:CaCO3 (1.000). The solubility limit of MB in
water is 43.6 mg/ml which is several orders of magnitude higher than
the amount that was released from the gels. However, it is possible
that diffusion may have been limited by the concentration of MB in
the eluent at later time points due to the long period between
sampling.

3.4 | Hydrogel degradation

Naturally derived biomaterials can be advantageous for drug delivery

applications as their components can be broken down and/or elimi-
nated by the body. Degradation of alginate can be more challenging

Formulation 21-H
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FIGURE 5 Rheological characterization of hydrogel formulations. Amplitude sweep data from representative hydrogels (n = 3). Formulations 10-L,

16-M, and 21-H represent low, medium and high GDL:CaCO3; concentrations with ratios of 0.125, 0.500 and 1.00, respectively. A linear viscoelastic
region of stiffness response corresponding to 1 Hz dynamic shear is observed up to 1% strain, with formulation 10-L exhibiting LVE past 20%.

TABLE 4 Differences in swelling for hydrogels with (+) and without (—) MB

Formulation ID Formulation name Day 1 swelling (%)

10-L MB- C/G0.4/0.4 116 £ 4
10-L MB+ C/G 0.4/0.4 with MB 112+ 9
16-M MB- C/G1.7/3.0 108 £ 10
16-M MB+ C/G 1.7/3.0 with MB 104 £ 7
21-H MB- C/G34/9.1 1299
21-H MB+ C/G 3.4/9.1 with MB 113+ 4

Day 2 swelling (%) Day 7 swelling (%) Day 12 swelling (%)

1054 917 98 £ 13
93+ 10 100+ 8 106 + 14
104 £ 13 181+ 37 100 + 27
102 £ 15 146 £ 23 130+ 9
121 £17 234+ 61 226 £ 24
107 £ 2 165+ 6 190+ 9

Note: Swelling was higher for formulations without MB at early time points (n = 5).
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FIGURE 6 Swelling data of hydrogel formulations over 25 days. 40%
After 12 days, the integrity of the hydrogels became compromised. ——17
Degree of swelling ranged from 100% to 250%, with CaCO3 content
significantly influencing the degree (p = 0.0317) (n = 3). For 20% =18
formulations 10-L, 16-M, and 21-H, swelling was significantly 5o
different for all time points after day 1, with 10-L swelling the least
and 21-H swelling the most. Formulation 21-H had significantly 0% —-20
increased swelling compared to the other formulations at all-time 0 2 4 6 8 10 12 14
points. Time (days) ——21-H
(b) 100% T
% 80% . . . - - -
than other biomaterials as the hydrogel breaks down by ion exchange, b - 2
2 60%
decrosslinking the polymers. The in vitro degradation of alginate ; °
hydrogels was studied for 2 weeks with the initial and final masses ; 40%
recorded (mg). Table 5 summarizes the degradation results of hydrogel ;g 20%
formulations 10-21. S
To better characterize the degradation of the hydrogels, samples ‘;’ L lzft 1718 1920 3};

were taken at days O, 1, 3, 7, and 14. The mass change of the hydro-
gels significantly increased following immersion in 1X DPBS from 8.0
+ 1.2 to 18 £ 5.4 mg (p < 0.05). A two-way ANOVA with Tukey post-
hoc analysis found significant differences between the days
(b < 0.0001) but not between each formulation (p > 0.561).

Swelling rates (and subsequent mass change) varied significantly
on days O and 14 based on hydrogel composition. Higher concentra-
tion hydrogels displayed the highest degree of swelling on day O;
however, on day 14, low concentration hydrogels displayed the
highest degree of swelling. The average mass of the hydrogels
(mg) following 0, 1, 3, 7, and 14 days were 8.0+ 1.2, 12.7 + 1.0, 12.0
+0.76,12.3 + 2.4, and 18.3 + 5.4, respectively.

For days 1, 3, and 7 of incubation, the degree of swelling as well
as the average mass did not significantly differ from each other
(p > 0.970). Day 0 and day 14 differed significantly from all timepoints
(p < 0.006), with greater statistical difference between the two
(b < 0.00001). There were observable groups between the low,
medium and high concentration hydrogels (10-L, 16-M, 21-H), with
the low and higher concentration gels displaying higher degrees of
swelling and percentage mass change. There were no significant dif-
ferences seen between hydrogels 10-L, 16-M, and 21-H when com-
pared with and without the addition of MB.

3.5 | Cytotoxicity of alginate hydrogels

A fundamental requirement for any drug delivery system is minimal

cytotoxicity. To this end, following the synthesis of our

Hydrogel Formulation

FIGURE 7 Methylene blue release. (a) The release profile of
methylene blue (MB) from hydrogel formulations 10-21 (n = 3). The
formulation with the fastest release rate (14) had the lowest GDL:
CaCOg ratio (0.125) and lowest GDL concentration. The formulations
with the lowest values of MB release had the highest values of GDL:
CaCOs3 (1.000). (b) The cumulative release of MB from hydrogels
recorded at day 12 (n = 3). The hydrogels composed of 0.5 GDL:
CaCO3 molar ratios (medium concentration) had the highest release
profile of low and high concentration hydrogels at each time point.

representative hydrogels, we studied their biocompatibility using
human retinal pigment epithelial cells. ARPE-19 cells were incu-
bated with the representative hydrogels for 48 h and assessed via
MTS assay. As shown in Figure 8, all formulations demonstrated
excellent biocompatibility with ARPE-19 cells during the 48 hour
incubation. We found that cellular viability normalized to base
media control for all hydrogels, ranged from 93% to 95%. A one-
way ANOVA with a Tukey-Kramer's post-hoc test additionally
found that there was no statistically significant difference between
each hydrogel formulation (p > 0.630). Additionally, there was no
statistically significant difference between the hydrogel formula-
tions and the media control (p > 0.348). Alginate hydrogels have

1516 and our results

proven to be biocompatible in various studies
further support its minimal toxicity to retinal cells and suggest the
potential of the injectable alginate hydrogels for future evaluation

in in vivo ophthalmic models.
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TA ?tL E5 Hydrogel degradation Formulation Day 0 (mg) Day 1 (mg) Day 3 (mg) Day 7 (mg) Day 14 (mg)

resi 10-L 64+0.5 122 +0.2 11.5+0.8 103+14 249 +£22
11 64+0.5 135+1.0 12.2+0.3 10.5+0.7 249 +11.0
12 8.0+£0.5 128 £ 0.5 11.7+0.3 10.6 £ 0.9 137+ 14
13 9.6 0.2 14.£29 122+ 0.8 12.0+ 0.8 21.3+6.0
14 6.7+0.6 13.8+18 13.2+0.3 11.1+04 27.7 £10.7
15 7.7 0.2 12.6 +2.3 114+11 10.5+04 11.8+0.6
16-M 8.5+0.2 123+ 1.3 11.0+0.1 114 +0.7 13827
17 9.9+03 114 +0.6 11.8+ 3.2 114 +0.7 16.1+1.9
18 72+0.5 13.7+0.5 123+1.1 129+75 147 +54
19 7.8+03 12.8 + 0.5 11.1+ 0.9 17.6 + 3.0 140+ 1.3
20 8.5%0.5 12.9+20 124+26 134+11 155+ 3.6
21-H 9.3+0.8 10.6 £ 0.9 134+ 34 16.3+0.9 20.9 £ 8.8

Note: The masses of hydrogel formulations 10-21 were recorded over 14 days following immersion in
10 ml 1X DPBS and weighed at 0, 1, 3, 7, and 14-day timepoints following lyophilization.
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FIGURE 8 Cytotoxicity of representative hydrogels. Cell viability
as measured by optical density (OD) of the MTS reagent product
following exposure to alginate hydrogels. The low, medium, and high
concentration hydrogels that were evaluated maintained a cell
viability of at least 93% of that of the positive control base media
(DMEM/F12, 10% FBS, 1% PS). No significant differences were noted
between the low, medium, and high concentration hydrogels (10-L,
16-M, 21-H) (n = 3).

3.6 | MB asaROS scavenger

Scavenging of ROS by MB was evaluated through in vitro testing
based on published methods.?> We hypothesized that because MB is
a proven ROS scavenger, MB loaded into these hydrogels would
effectively scavenge ROS. ARPE-19 cells were first incubated with
MB concentrations of 0.0, 0.05, 0.25, 0.50, 1.0, and 2.0 mg/ml for
24 h and then treated with H,O, for 24 h. ROS levels/activity was
characterized by the appearance of highly fluorescent compound DCF
in the DCFH-DA assay. There was an observable decrease in fluores-
cence in cell culture corresponding to increased MB concentration.
We confirmed that ROS levels decreased significantly with MB con-
centrations of 0.50, 1.0 and 2.0 mg/ml (p < 0.05) (Figure 9). These
results suggest the potential of using MB as a ROS scavenger for ocu-

lar applications, particularly for neural cells.
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FIGURE 9 Methylene blue ROS results. ROS activity measured
by DCF fluorescence in ARPE-19 cells induced by 600 pM H,0,.
Increased concentrations of methylene blue contributed to higher cell
survival during prolonged exposure to H,O,. Data (n = 5) is presented
as mean * SD. Results were normalized against H,O, control. Higher
fluorescence is indicative of greater DCF presence, more ROS activity
and lowered cell survivability. Differences in the fluorescence of MB
concentrations of 0.5, 1.0, and 2.0 mg/ml were found to be
statistically significant *(p < 0.05).

*
0.25 0.50 1.00 .00
Methylene Blue Concentrations (mg/mL)

i

H:0: control

The ability to scavenge ROS was confirmed with MB. Additional
studies were performed with alginate to further confirm MB's ROS
scavenging ability while loaded into a hydrogel (Figure 10). All hydro-
gels were loaded with 1.0 mg/ml MB, except the negative control, for-
mulation 16-M, which was additionally tested without MB. ARPE-19
cells were incubated with hydrogel formulations 10-L, 16-M, 16-M
without MB, and 21-H for 24 h. Following incubation, the hydrogels
and cells were exposed to H,O, for 24 h with resulting DCF fluores-
cence measured. All alginate hydrogels demonstrated ARPE-19 sur-
vival of >40% when exposed to the oxidative stressor H,0.,.
Differences between the formulations were not statistically significant
(b > 0.05). The presence of MB was found to significantly influence
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cell survival when loaded into medium hydrogel formulation 16-M
(p < 0.05), decreasing from 43% with MB to ~30% without.

3.7 | Injection feasibility

In addition to demonstrating sustained therapeutic release, ROS scav-
enging ability, and acceptable in vitro biocompatibility, these hydrogel
scaffolds are also injectable. To demonstrate this ability, injection tests
were conducted in triplicate using 22, 25, and 30-gauge needles as
shown in Figure 11. Hydrogels were injected as both a liquid and gel
onto a microscope slide to verify injectability. Videos demonstrating
injection feasibility are available in Supporting Information S1. In
these videos, MB was also added to the gels and shown to not influ-
ence injection feasibility through 22 or 27-gauge needles. Gels formed
after being dispensed onto the glass plates. In clinical application for
TON treatment, the alginate hydrogel would be injected as a liquid
and form a gel in situ in the retrobulbar space behind the eye. We also
validated the ability to inject a pre-formed alginate hydrogel through

d
WH:O:
*d mDPBS

16 w/o MB

100

a b c
80
60
*p c
40
20
0
10 16 21

Hydrogel Formulations

Cell Viability (%)
2

FIGURE 10 Hydrogel ROS scavenging. As expected, the number
of viable cells significantly decreased for each formulation following
exposure to H,O, (as denoted by lower case letters a, b, c, d). Cell
viability, as referenced to untreated control, was maintained at over
40% for formulations with MB incorporated in the hydrogels.
Differences between formulation 16 with and without MB was found
to be statistically significant (*p < 0.01), demonstrating MB
incorporation had a significant effect on cell viability after exposure to
oxidative stress (n = 3).

FIGURE 11

the needle in the event the gel forms prior to injection, even though
we have specifically tuned gelation times to prevent this potential
complication. Alginate hydrogels were easily injected as liquid prior to
gel formation through every needle gauge tested. The pre-formed
alginate hydrogel could not be injected through a 30-gauge needle,
but could be easily injected through larger diameter needles, including
the 25-gauge needle, which is commonly used for ocular drug

delivery.

4 | DISCUSSION

In this study, we developed an injectable drug-loaded vehicle for local
delivery of MB around the optic nerve following injury to address the
shortage of treatment options for TON. Sustained MB release was
achieved among all synthesized alginate hydrogel formulations and
may be suitable for treating optic neuropathy as well as other ocular
injuries.

As reported in Table 1, alginate hydrogels were synthesized by
internal crosslinking with evenly distributed insoluble calcium carbon-
ate (CaCOs) and a slow hydrolyzing proton donor, GDL. This method
slows down the rate of gelation to ~10-50 min, accommodating ade-
quate mixing of all components and subsequent injection through a
small gauge needle.

Hydrogel formulations 1-9 were prepared based on their ability
to consistently form solid hydrogels. Molar ratios of GDL:CaCO3; were
found to influence pH values of the hydrogels, with concentrations
greater than 2.0 contributing to a decrease in pH values. Formulations
10-21 were then prepared after design of experiments and evaluated
based on preliminary data from Formulations 1-9, as well as demon-
strating physiological pH values of 6-8.

Alginate hydrogels are formed by ionic crosslinking. Calcium ions
form these ionic crosslinks with alginate polymers by attracting the
carboxyl group from two adjacent alginate monomers between two
polymer chains. Hypothetically, maximum crosslinking would occur
when four moles of alginate monomer are present for every one mole
of Ca%". However, calcium will crosslink only the guluronic acid
monomers. This particular alginate has slightly more mannuronic acid
than guluronic acid (~60/40), which could slightly offset the values

from the hypothetical maximum. All CaCOjz; concentrations of

Injection feasibility. Injection of liquid hydrogel formulation through a (a) 22-gauge and (b) 30-gauge needle. Injection feasibility

of a representative alginate hydrogel as (c) liquid and (d) pre-formed gel through a 25-gauge needle (n = 3).
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hydrogel formulations in this study were prepared based on Ca®*:algi-
nate molar ratios approximately equal to and slightly greater than and
less than this crosslinking maximum.

Hydrogel formulations were evaluated by rheological testing.
Results confirmed the gel-like nature of the alginate hydrogels
(G' > G") and all formed gels within 1 h. Viscoelasticity was influenced
by the ratios of GDL:CaCO; and the weight percent of alginate.
Hydrogels with low concentrations of GDL and CaCO3 had G’ values
of around 20 Pa, medium gels ~35 Pa and high concentration gels of
~95 Pa (p < 0.05). Hydrogels were targeted to mimic the mechanical
properties of soft nerve tissues. As expected, a higher Ca?* concen-
tration induced stronger gelation which is evident in our results.?”*°
Future studies may focus on increasing Ca%" concentrations to higher
concentration levels to increase modulus for other applications. Addi-
tionally, higher concentration hydrogels gelled significantly faster than
low and medium hydrogels (p < 0.05), with formulations 10-L (C/G
0.4/0.4) and 21-H (C/G 3.4/9.1) having the slowest and most rapid
gelation times, respectively. Addition of MB did not have a significant
effect on hydrogel mechanical properties.

GDL and CaCO3 were primarily used to modulate hydrogel mechan-
ical properties including viscoelasticity and stiffness in an attempt to pro-
mote a wound healing environment around the optic nerve with similar
mechanical properties, due to the known influence of mechanical proper-
ties of central nervous system repair.>* Furthermore, we evaluated this
crosslinking mechanism to tune gelation times since traditional
crosslinking with free calcium ions from calcium chloride would yield a
too rapid gelation for injection into the retrobulbar space, the area
located behind the globe of the eye. This is the most likely route of clinical
injection for optic neuropathy. However, if these gels were adapted for
intravitreal injection, small volumes are capable of being injected clinically
without long-term effects to intraocular pressure (e.g., 25-100 pl).32 That
being said, increased pressure behind the eye, including intracranial pres-
sure, can lead to damage to the nerve fiber layer, which has also been
seen in swelling after injury.>® Therefore, the effects of hydrogel injection
on intraocular pressure, nerve fiber layer health, and optic nerve head
health should be evaluated in future studies.

In this study, a positively charged therapeutic MB was delivered
from a negatively charged alginate hydrogel. It is expected that the cat-
ionic MB has the ability to electrostatically interact with the anionic algi-
nate polymer backbone. These electrostatic interactions have been
employed to slow release in other systems, including alginate,>* which
may prove beneficial in this case where we are trying to extend release
of a hydrophilic therapeutic. Release medium can also have a significant
impact on the rate of therapeutic release. A study by Deepika et al.>®
investigated the impacts of divalent ions including Mg?* and Ca®* on
release of anionic levofloxacin from a chitosan-alginate hybrid gel
nanoparticles. Metal ions were shown to have a significant influence on
nanoparticle morphology, drug encapsulation efficiency, and release
profile from these nanoparticles. In this study, the presence of divalent
cations impacts alginate gel structure and swelling in addition to positive
charges similar to the therapeutic evaluated. The true in vivo situation
for the environment of the optic nerve is of course more complex due

to the presence of both physiological saline (mimicked in this study by
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DPBS) and orbital fat and connective tissues. The presence of fatty tis-
sue will likely have an effect on release of MB, slowing it compared to
release directly into saline. DPBS, the only in vitro release model publi-
shed for extended release in TON,** represents a worst-case scenario
for extended release for TON since it assumes all drug will be more rap-
idly transported out of the retrobulbar space in the agueous phase.

Furthermore, the local dosing of MB required remains unknown.
Previous studies have used an oral delivery route for MB, typically
1-4 mg/kg>® to achieve a local concentration of ~0.5 pM in the target
neural tissue.>” The total MB dose required to achieve this therapeutic
dose over time remains to be determined in vivo and will depend signifi-
cantly on the presence and extent of injury. Loading values included in
the present study were used to bracket the range of values which may
be required to achieve this therapeutic concentration locally.

We used two-tailed t-tests to investigate the impact of
crosslinking density in these hydrogels on MB release rates, and saw
no significant difference. This is likely due to the low molecular weight
(319 g/mol) and hydrophilicity of the therapeutic which would not
have diffusion significantly inhibited through a lightly crosslinked algi-
nate network. We hypothesized that short-term release of ROS scav-
engers such as MB would mitigate injury mechanisms, but micro- or
nano-encapsulation of the therapeutic would be needed to extend
therapeutic efficacy if needed.**

ARPE-19 cells were used to represent the microenvironment of
the optic nerve because although primary ON cells would be pre-
ferred, their usage is limited due to difficulty in obtaining and isolating
these cells and slow proliferation rates.?® As such, the immortalized
cell line ARPE-19 was chosen in our study. Cytotoxicity results indi-
cated that the hydrogels demonstrated low to minimal toxicity with
no statistically significant differences between low, medium and high
GDL:CaCO3 concentration hydrogels. The hydrogels maintained cell
viability of over 90%. Results are consistent with previous reports of
the use of alginate hydrogels and MB for drug delivery and tissue
engineering applications.®-121%16

The scavenging ability of MB was validated through both vary-
ing concentrations of MB and evaluating low, medium and high con-
centration hydrogels. ROS scavenging results from DCF assays
indicate that MB concentrations of 0.5, 1.0, and 2.0 reduced ROS
activity. Additionally the presence of MB was shown to significantly
improve cell survival in the presence of oxidative stressor H,O,
when compared to blank alginate hydrogels. In addition to its thera-
peutic activity, MB did have some influence hydrogel swelling, par-
ticularly at early time points, which may be considered when using

cationic therapeutics in this system.

5 | CONCLUSION

In conclusion, to improve upon the current management options for oxi-
dative injury, particularly TON, tunable internally crosslinked sodium
alginate hydrogels were developed. We also identified hydrogels with
optimal mechanical properties and drug release by modulating compo-

nents using design of experiments. The designed alginate drug delivery
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system is biocompatible and adequately lowers the concentration of
ROS in vitro. Most importantly, the proposed design improves upon the
current treatments for TON: by offering local delivery of ROS scaven-
gers, deleterious off-target effects of such drugs can be avoided. Modi-
fying the ratios of CaCO; to GDL impacted hydrogel swelling,
mechanical properties, and release of cationic therapeutic MB. Given
the results of the drug release as well as its biocompatibility and
injectability, alginate hydrogels with higher concentrations of CaCO3
and GDL have the potential to improve TON damage as well as other
diseases in which there is an accumulation of reactive species, which will

be validated in vivo in future studies.
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