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Introduction

During cataract surgery, patients oftentimes re-

Purpose: To investigate the efficacy of a poly(ethylene glycol) diacrylate and poly(N-
isopropylacrylamide) based thermo-responsive hydrogel drug delivery system (DDS)
to deliver prophylactic vancomycin (VAN) following ocular surgery.

Methods: VAN was encapsulated in a hydrogel DDS and characterized in terms of
initial burst, release kinetics, bioactivity, and cytotoxicity. Long-Evans rats received an
intravitreal injection of Staphylococcus aureus to produce acute endophthalmitis in
four experimental groups. One of four treatments were then applied: (1) bolus
subconjunctival injection of VAN, (2) blank DDS, (3) saline treatment, and (4)
subconjunctival injection of VAN DDS. Animals were scored for infection (0-3) at 12,
24, 48, and 72 hours, and eyes were harvested at 24 and 48 hours for histology.

Results: Following a 36% initial burst, VAN release from the DDS continued at a
steady rate for 2 weeks plateauing at 84% after 504 hours. Bioactivity was maintained
for all release samples and cytotoxicity analysis for the DDS revealed cell viability
>90%. Not until after 12 hours did any of the groups show evidence of infection;
however, at 24 hours, animals that received the VAN DDS had significantly lower
infection scores (0 = 0) than those that received a bolus VAN injection, blank DDS, or
saline (1.5 =1.5, 2.3 £ 0.87, and 2.9 = 0.25; respectively). At 48 and 72 hours, the VAN
DDS and bolus VAN treatment groups performed comparably and showed
significantly better infection scores than the control groups.

Conclusions: This DDS appears to have promise as a vehicle for short term,
prophylactic antibiotic delivery.

Translational Relevance: This DDS may prevent the development of postoperative
endophthalmitis.

to four times daily. This is done to minimize the
potential development of endophthalmitis, an infec-
tious process of the ocular cavity and its adjacent
tissues that can lead to severe visual impairment or

ceive administration of prophylactic antibiotics via an
intracameral injection.l’2 Additionally, at the conclu-
sion of surgery, patients receive a subconjunctival
injection of antibiotics, and are then prescribed 1 to 2
weeks of topical antibiotic eye drops (50 mg/cc) two

blindness.” > Endophthalmitis most commonly occurs
postoperatively due to microflora (usually Staphylo-
coccus aureus) on the ocular surface gaining entry into
the eye during surgery and inducing infection.®® The
reported incidence of endophthalmitis varies and is

TVST | 2019 | Vol. 8 | No. 3 | Article 53

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License. @. BY _NC_ND


https://creativecommons.org/licenses/by-nc-nd/4.0/

translational vision science & technology

Dosmar et al.

relatively low (~0.07%-0.5% after cataract sur-
gery).*® Regardless, when it does occur, endophthal-
mitis is a potentially dangerous condition with
potential devastating visual outcomes.™” " Typically,
endophthalmitis presents within the first few days
following surgery, and 80% of cases present within at
least 6 weeks of surgery.” The first 24 to 48 hours are
considered to be the most critical time to prevent
endophthalmitis. In addition, patient noncompliance
with prophylactic topical drops has been shown to be
as high or higher than 50% especially among elderly
patients, which further complicates preventative
care.'”!? These factors warrant the development of
new adjunctive prophylactic modalities.® An ideal
drug delivery system (DDS) is one that delivers and
maintains a constant drug concentration over time
through minimally invasive means without reliance on
patient compliance.'* Such a DDS could potentially
replace both the initial subconjunctival bolus injection
and subsequent topical eye drop treatments.'

To address this need, the goal of this study is to
demonstrate the potential of an ocular DDS capable
of releasing vancomycin (VAN) for a period of at
least 10 days replacing both the bolus subconjunctival
injection, and the patient administered topical eye
drops. Where hydrogels are already an attractive
platform for drug delivery, thermo-responsive hydro-
gels have shown particular promise as drug delivery
vehicles owing to their ability to reversibly change
physical state in response to changes in tempera-
ture.'*!> Through this property, these hydrogels are
liquid-like and injectable through a small gauge
needle (27-30 gauge) at room temperature and then
gel (collapse) upon reaching body temperature,
allowing for the release of encapsulated drug.'>'
Here, we demonstrate the use of a thermo-responsive
hydrogel DDS as an effective alternative to a single
bolus subconjunctival injection of VAN for the
prevention of S. aureus induced endophthalmitis.

Thermo-Responsive Hydrogel Preparation

Poly(ethylene glycol) diacrylate (PEG-DA) and
poly(N-isopropylacrylamide) (NIPAAm) hydrogels
were prepared according to a method described and
characterized by Kang-Mieler et al.'">'" and Drapala
et al."®'"” These hydrogels remain swollen when kept
below their transition temperature of 32°C, but
collapse and shrink once that temperature is exceeded
(i.e., body temperature), allowing for the release of

the entrapped drug.'>'® Briefly, hydrogels were
synthesized by dissolving PEG-DA (2 mM), N-tert-
butylacrylamide (47 mM), and ammonium persulfate
(13 mM) in 1 X Dulbecco’s phosphate-buffered saline
(DPBS) (pH 7.4). NIPAAm (350 mM) was subse-
quently added to create the hydrogel precursor in a 2-
cc microcentrifuge tube and maintained on ice.
N,N,N’,N’-Tetramethylethylenediamine (168 mM)
(TEMED) was added to initiate hydrogel polymeri-
zation. The procedure described uses free radical
polymerization that was left to proceed on ice for a
duration of 30 minutes. Following polymerization,
the newly formed hydrogels were collected and
washed five times in double distilled H,O. Hydrogels
were prepared in triplicate. While it is well-established
that TEMED can cause oxidative damage to cells,
studies have shown that washing them at least three
times is sufficient to remove residual TEMED and
other unreacted monomers.”’ >

Encapsulation Efficiency

The encapsulation efficiency (EE) is the initial
amount of drug entrapped within the hydrogel. The
EE of each DDS was determined indirectly by
subtracting the quantity of drug lost during the
washing phases from the total drug used for
encapsulation.”* Drug quantity in the wash samples
was determined using a NanoDrop™ 2000/2000C
Spectrophotometer (E1% 40, 280 nm) (Thermo-
Fisher Scientific, Grand Island, NY).

Hydrogel Release Profiles

A single (1 mL) hydrogel was placed in 1 mL
phosphate-buffered saline (PBS) under static condi-
tions at 37°C. At predetermined intervals, 1 mL
aqueous media was removed and replaced with an
equal volume of fresh buffer. VAN concentration in
the release samples were quantified using a Nano-
Drop 2000/2000C Spectrophotometer (E1% 40, 280
nm). Cumulative release was calculated relative to
EE. The initial burst was defined as the drug released
within the first 5, 12, and 24 hours. Release profiles
were collected over 3 weeks. All release profiles were
performed in triplicate.

In Vitro Bioactivity

To assess drug bioactivity, release samples were
assayed by monitoring their efficacies against colonies
of S. aureus cells (Carolina Biological Supply
Company, Burlington, NC). Cells were cultured in
Tryptic Soy Broth (TSB) (Sigma-Aldrich, St. Louis,
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MO) at 37°C for 24 hours. Filter paper cut into 0.5-
inch diameter circular pieces were soaked in the
aliquots harvested from the solution released from the
hydrogel system at the designated time points. These
pieces of filter paper were then placed on a quarter
section of a 100 X 15 mm Tryptic Soy Agar (TSA)
petri plates swabbed with a 0.1-mL suspension of S.
aureus and incubated at 37°C for 24 hours. Following
the incubated period, the petri plates were photo-
graphed, and the zones of inhibition were measured
and compared with the control samples. This
experiment was performed in triplicate and all
samples at each time point were measured in
quadruplicate.

In Vitro Cytotoxicity

The cytotoxicity of drug-free hydrogel release
samples was determined using a LIVE/DEAD® assay
kit (Invitrogen, Carlsbad, CA). Human Umbilical
Vein Endothelial Cells (HUVEC), cells commonly
used to asses cytotoxicity for this system, were grown
in endothelial growth media (EMG-2, Lonza, Basel,
Switzerland), and 23 release samples from a blank
hydrogel in a 96-well plate (100 pL media and 30 pL
per well) following a growth period of 2 days, 4 uL
EthD (red) (sterile), and 1 pL Calcein (green) (sterile)
was added to 2 mL PBS.'®'®?* The growth media was
then removed from the well plate and replaced with 50
pL/well of the EthD/Calcein solution and incubated
for 15 minutes. Each well was imaged (10X, 1.79
microns/pixel resolution) using a confocal microscope
(FITc/TRITc; 488 nm/543 nm) (LSM 5 Pascal, Zeiss
Microscopy, Thornwood, NY). Cells appearing green
(alive) were quantified using the ImagelJ cell counting
software and compared with the red cells (dead) to
determine percent cell viability. Cell viability for each
sample was compared with a cell growth media
control to assess the risk of cytotoxicity. All
experiments were performed in triplicate.

Animal Preparation

Forty Long-Evans male rats (1-3 months, 200-250
g) purchased from Envigo Bioproducts Incorporated
(Madison, WI) were used to induce the ocular
infection model. The animals were handled and cared
for according to the IIT Institutional Animal Care
and Use Committee (IACUC) protocol with the
principles embodied in the Statement for the Use of
Animals in Ophthalmic and Vision Research adopted
by the Association for Research in Vision and
Ophthalmology. Animals were fed ad libitum. Ani-

mals were anesthetized using 0.8 mg/kg body weight
of 100 mg/mL ketamine hydrochloride (Fort Dodge
Animal Health, Fort Dodge, IA) and 0.1 mg/kg body
weight of 100 mg/mL xylazine (AnaSed Injection,
Akron, Inc., Decatur, IL) via intraperitoneal (IP)
injection. Proparacaine drops (Bausch and Lomb,
Rochester, NY) were used to anesthetize the corneas,
and pupils were dilated using phenylephrine (Bausch
and Lomb) and atropine drops (Bausch and Lomb).
Heart rate and blood oxygen saturation were
monitored with a Pulse Oximeter (§8500AV; Nonin
Medical, Inc., Plymouth, MN). Animals were placed
on a custom-built heated stage and monitored to
maintain a core body temperature of 37°C.

Preparation of S. aureus for Injections

S. aureus cells were maintained in TSB and were
incubated on a TSA containing plate at 37°C for 24
hours. Discrete colonies of the bacteria were subcul-
tured into 5 mL sterile TSB. A spectrophotometric
optical density of 0.16 to 0.21 at an absorbance of 530
nm corresponded to a viable bacterial count of ~1.5 X
10® colony forming units (CFU)/mL.*>*® Following
24 hours of dynamic incubation, the suspension was
diluted through serial dilution to a concentration of
~80 CFU/ 5 pL for intravitreal injection.”**

Sterile Preparation of the DDS

PBS loaded (control) and VAN loaded thermo-
responsive hydrogels were prepared as previously
described. Under sterile conditions, the hydrogel
precursor and initiator were sterile-filtered using 13-
mm syringe filters (0.22 pm, Fisherbrand, Thermo
Fisher Scientific). Sixty milligrams of VAN was added
to 1 mL hydrogel precursor (for drug loaded DDSs),
and the tube was vortexed to dissolve the drug. The
initiator was then added, and free radical polymeri-
zation occurred on ice for 30 minutes. Hydrogels were
washed five times in sterile PBS, loaded into 0.5 cc U-
100 insulin syringes (28 %2; Becton Dickinson & Co.,
Franklin Lakes, NJ), and stored at 4°C.

Experimental Groups

Four groups (20 eyes per group, 16 subgroups)
were examined: (1) group 1 (control): bolus saline
subconjunctival injection; (2) group 2 (control): blank
hydrogel DDS subconjunctival injection; (3) group 3:
bolus subconjunctival VAN injection; and (4) group
4. subconjunctival VAN loaded DDS. Before receiv-
ing any injections (infection or treatment), eyes were
examined using a slit lamp microscope prior to
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injection to confirm the absence of any abnormalities.
Prior to subconjunctival treatment injection, all
animals received an intravitreal injection of 5 pL S.
aureus cells in suspension (concentration ~80 CFU
per milliliter) through a 0.5-cc U-100 insulin syringe
(28G %; Becton Dickinson & Co.).”” The needle was
positioned behind the lens in the vitreous body with
the bevel directed posteriorly.”’ The intraocular
pressure (IOP) was measured prior to and following
the intravitreal injection using a tonometer (TONO-
PEN XL, Medtronic, Minneapolis, MN). The right
eye of each experimental animal received a subcon-
junctival injection of 5 pL sterile PBS or 5 pL blank
hydrogel immediately following infection. The left
eyes received either an intravitreal injection bolus
injection of 0.08 mg/5 pnL. VAN in PBS (equivalent to
a clinical dose) or 5 puL hydrogel DDS (containing
0.06 mg/5 uL. VAN). Although the adult rat vitreous
volume is ~14 pL, intravitreal injection volumes of up
to 5 uL have been shown to have favorable
reproducibility with minimal loss of injected solu-
tion.”***

Tracking of Infection and Scoring Method

At 12, 24, 48, and 72 hours following intravitreal
injection, animals were humanely killed after being
graded by gross external examination and direct slit
lamp ophthalmoscopy. Scoring was based on a
clinical scoring method for the severity of endoph-
thalmitis developed by Peyman et al’’ and the NIH
grading system for vitreous haze in humans.”” The
cornea, conjunctiva, and vitreous of each animal
received a numerical score between 0 and 3 that each
corresponded to a severity of infection.”® Animals
were humanely killed using a CO, chamber, and both
eyes were harvested for histopathology.

Histopathology

After gross eye examination, the animals were
humanely killed via CO,, and both eyes were
harvested for histopathological examination. Three
animals were examined at each time point post
infection. The eyes were enucleated and placed in
10% buffered formalin phosphate for at least 48
hours. The eyes were processed in graded alcohols
and embedded in paraffin. Four-micrometer sections
obtained from the center of the vitreous cavities were
stained using hematoxylin and eosin. The sections
were subsequently examined by light microscopy at
using an Olympus DP70 microscope 10X, resolution
4080 X 3072.

Statistical Analysis

All values are reported as sample mean * standard
deviation and in all graphs, error bars represent 1 SD.
All statistical differences were determined using one-
way analysis of variance testing with Tukey posthoc
testing, and unless otherwise noted, significance
represents P < 0.05.

DDS Characterization

Due to the small fraction of hydrogel accommo-
dated by the rat eye, 60 mg (100%) of VAN was
successfully encapsulated into 1 mL PNIPAAm-
PEG-DA thermo-responsive hydrogels in order to
achieve an equivalent dosage upon injection. The
release data from these 1-mL hydrogels is depicted in
Figure 1 as a cumulative percent (%) release profile
(on the primary Y-axis) and a cumulative release
profile in terms of actual amount of VAN released
(on the secondary Y-axis). Representing the data in
this way gives a complete picture of the release
behavior from these hydrogels and allows for an
overall picture of VAN release [cumulative percent
(%) and amount]. The initial burst VAN released
from these 1-mL hydrogels were 23% (8.22 = 0.10
mg/mL), 31% (11.06 = 0.10 mg/mL), and 36% (12.47
+ 0.10 mg/mL) at 6, 12, and 24 hours, respectively
(Fig. 1). VAN release continued at a steady rate
(~1.5 mg/mL) for 2 weeks until plateauing at 84%
(29.4 = 0.1 mg/mL) cumulative release at 504 hours
(21 days) (Fig. 1). By 1 hour, these hydrogels
released 2.2 = 0.6 mg/mL of VAN. During the
initial period, the hydrogels released an hourly
amount of VAN between 1.1 and 1.9 mg/mL for
the first 6 hours, 2.8 = 0.9 mg/mL between 6 and 12
hours, and 1.4 = 0.1 mg/mL between 12 and 24
hours. The daily release amount of ~1.7 mg/mL
continued for 13 days (312 hours) and then
decreased to 0.2 mg/mL for the remaining duration
of the release study (Fig. 1). In all cases, the amount
of VAN released was at a detectable level using light
spectroscopy (data not shown).

The bioactivity for all release samples was
measured. The ZOIs of all release samples collected
were found to be at least 10 mm or above, suggesting
that throughout the duration of release (504 hours)
the antibiotic maintains its antimicrobial bioactivity
and is efficacious against S. aureus (Fig. 2). HUVEC
cell toxicity was also assessed for the thermo-
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Figure 1.

Average VAN release from a nondegradable PNIPAAM-PEG-DA (MW 575) hydrogel shown as average percent cumulative VAN

release from a 1-mL thermo-responsive PNIPAAmM-PEG-DA based hydrogel on the primary Y-axis and VAN release in terms of the average
cumulative amount (mg/mL) of drug released at each time point on the secondary Y-axis.

responsive hydrogel system to determine biocom-
patibility. For a control hydrogel (no active drug),
all release time point samples showed HUVEC cell
viability above 90% with no statistical difference
between any of the time points and the media
control (Fig. 3). These results suggest that the
hydrogel delivery system is biocompatible as it does
not exhibit any detriment to cell health.

45
40 +
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1 2 3 4 5

Gross Observations and Clinical Scores After
Intravitreal Injection of S. aureus

Figure 4 shows representative images from four
experimental groups at each time point. After 12
hours post infection, there was no observable
difference between the healthy eyes and any of the
treatment groups (Fig. 4, 12 hours). By 24 hours,
there were clearly observable signs of infection

12 24 48 72 96 120144168192216312336360384432480504

Time (hours)

Figure 2. Average bioactivity for VAN released from a PNIPAAM-PEG-DA hydrogel through 504 hours (n = 3).
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Figure 3. Average HUVEC cell toxicity for saline release from a PNIPAAm-PEG-DA hydrogel (n = 3). There was no statistical difference (P
> 0.05) between the media control and any of the release time points through 504 hours.
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Blank
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Figure 4. Representative eyes for all four treatment groups at 12, 24, 48, and 72 hours. The bolus VAN row compares eyes that received
a subconjunctival bolus injection of VAN after 12, 24, 48, and 72 hours. The VAN DDS row compares eyes that received a subconjunctival
injection of the VAN loaded DDS after 12, 24, 48, and 72 hours. The saline row compares eyes that received a subconjunctival injection of
the saline (PBS) loaded DDS after 12, 24, 48, and 72 hours. The blank DDS row compares eyes that received a subconjunctival injection of
the saline (blank) DDS after 12, 24, 48, and 72 hours.
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Table 1. Average Tissue Infection Scores for All Treatment Groups (n = 20 Eyes/Experimental Group)
Infection Score

Time, Bolus VAN VAN DDS

h Conj. Cornea Vit. Total Score Conj. Cornea Vit. Total Score

12 0.0 £ 0.0 0.0 £ 0.0 0.0 *00 00+00 00*x00 00*x00 00=*x00 00=00

24 16 = 1.3 16 =11 24 *09 19+ 10 00 *=00* 0.0 *=00* 0.0 =*00* 0.0 = 0.0%

48 10 £ 1.0xt 04 =09 20=1.0 11 +08x 0.2+ 04* 02=*+04 06 =*05% 03=*04%

72 0.6 + 0.9 08*11 08*13xt 07=*11x 00=*x00 03=*03 03=*03*% 01=x0.2*

Numerical score contributions of the conjunctiva (Conj.), cornea, and vitreous (Vit.) to the total infection score for each
eye are indicated. An asterisk (*) indicates statistical significance (P < 0.01) between the ocular structure in the VAN DDS
group and the corresponding structure in the other groups measured at the same time point. A dagger (1) indicates
statistical significance (P < 0.01) between the ocular structure in the bolus VAN group and the corresponding structure in
the other groups measured at the same time point. An x indicates no statistical difference (P > 0.05) between the ocular
structure marked as significant in the VAN DDS group and the corresponding ocular structure in other groups at that time
point.? All statistical significance for this table are within a 99% confidence interval except for where indicated by a b(®),
which represents a 95% confidence interval.

@ For example, the score assigned the cornea at 24 hours in the blank DDS group is not statistically significantly different
from the corneal score assigned to the VAN DDS group at 24 hours.

® Here, significance is within a 95% confidence interval.

Table 1. Extended

Infection Score
Time, Saline Blank DDS
h Conj. Cornea Vit. Total Score Conj. Cornea Vit. Total Score
12 00*+x00 00*x00 00=*=00 0.0 = 0.0 0.0 =00 0.0 =*=0.0 0.0 =00 0.0 0.0
24 28+ 05 30*x00 30x00 29=*02 1.8+08 14=*11x 26=*09 19=*08
48 2409 18*x13 28 =*04 23 =09 2411 20=*x14 3000 24 =08
72 1.2*+11 16 *09 28 =*04 1.9 = 0.8 1313 18 *1.0 28 + 05 1.9 + 0.8°

including clouding of the cornea and redness in the
conjunctiva in the eyes of animals that received saline
and blank hydrogel injections (Fig. 4, saline and
blank DDS, 24 hours). These clinical signs of
infection persisted for 72 hours until the animals
were humanely killed (Fig. 4, saline and blank DDS,
48 and 72 hours). The conjunctivas and corneas of the
animals who received the VAN-loaded DDS re-
mained free of any observable signs of infection
throughout the duration of the study.

Table 1 shows the average tissue scores for the
cornea, conjunctiva, and vitreous of animals in each
treatment group, as well as the significance within a
99% confidence interval between each ocular struc-
ture in the VAN DDS group and the bolus VAN
group as compared with the corresponding ocular
structures in the other groups at the same time point.
The first indication of corneal clouding was observed
using a slit lamp microscope. Animals with corneas

that appeared clear based on gross examination, but
were unable to be examined with the slit lamp
microscope due to poor light penetration through
the cornea, received a corneal infection score of at
least 1.0. If further observable clouding was detected,
the score was increased. In all cases where the total
infection score of higher than 0, the vitreous of the
animals received the highest numerical score com-
pared with the cornea and conjunctiva.

The overall clinical infection scores for each
treatment group can be observed graphically in
Figure 5. It should also be noted that the represen-
tative images in Figure 4 also correspond to the
average numerical infection score received by that
group. The saline and blank hydrogel groups served
as controls to establish a progression of infection. In
both of these groups, infection did not present at the
12-hour time point, but by 24 hours, signs of infection
were observed in the cornea, conjunctiva, and
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Figure 5.

Average infection scores for all treatment groups (n = 20 eyes/experimental group) at 12, 24, 48, and 72 hours after injection.

At 12 hours, none of the groups showed any observable sign of infection. At 24 hours, the DDS treatment group performed statistically
better (P < 0.05) than all other groups. At 48 and 72 hours, the bolus VAN and DDS treatment groups performed comparably and
received statistically lower overall infection scores than each of the two control groups. *Statistical difference compared with all other

treatment groups at each time point (P < 0.05).

vitreous of the test animals. The overall infection
scores at 24 hours were 2.9 = 0.2, and 1.9 = 0.8 for
the saline and blank hydrogel groups, respectively.
The infection persisted within these groups at 48 and
72 hours with infection scores of 2.3 + 0.9 and 2.4 =
0.8 at 48 hours for the saline and blank hydrogel
groups, respectively, and 1.9 = 0.8 for both groups at
72 hours. At every time point, there was no statistical
difference (P > 0.05) between the scores assigned to
the saline treatment group and the blank hydrogel
groups either within time points or between time
points. Through these two groups, a pattern of
infection was established.

Similar to the controls, at 12 hours, clinical signs of
infection had not developed in any of the treatment
groups (bolus VAN and VAN-loaded DDS), and all
animals received an overall infection score of 0. At 24
hours, no signs of infection had developed in the
cornea, conjunctiva, or vitreous in any of the animals
that received the VAN-loaded DDS treatment (infec-
tion score of 0.0 = 0.0); however, statistically
significant (P < 0.01) infection scores (1.9 = 1.0)
were assigned to the animals that received a treatment
of a bolus VAN injection. It is worth noting that the
infection observed in this group was not statistically
(P > 0.05) different from the infection scores received
by control groups at 24 hours. By 48 hours, the VAN
bolus and VAN-loaded DDS groups received statis-

tically similar scores of 1.1 = 0.8 and 0.3 = 0.4,
respectively (P > 0.05). In the VAN DDS group,
slight clinical infection indicators in a few of the
animals resulted in an overall score of greater than
zero (0). The 72-hour time point saw the same trend,
at which point the bolus VAN and VAN-loaded DDS
groups received infection scores of 0.7 = 1.1 and 0.1
+ 0.2, respectively, which were statistically not
different (P > 0.05) from each other, but statistically
(P < 0.01) better than the scores received by the saline
and blank hydrogel groups (Fig. 5).

Histopathology

Investigation of the histopathological sections of
the vitreous at 48 hours post infection showed
infiltration of inflammatory cells in the vitreous and
disorganized retinal tissue layers in the eyes that
received scores that indicated the presence of infec-
tion.>**! Figure 6A shows that the group that
received a bolus VAN injection exhibited cell infiltra-
tion and disorganized tissue layers that is a hallmark
of infection.” In the VAN DDS treatment group
(Fig. 6B), few inflammatory cells had migrated into
the vitreous and the layer structures appeared
organized and normal.'' In Figures 6C and 6D, the
saline and blank DDS control groups appeared
disorganized and infiltrated with inflammatory cells.
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Table 2. Average IOP Measurements for All Animal Control and Treatment Groups (n = 20 Eyes/Experimental
Group) Prior to Injection, Post Injection, and at 12, 24, 48, and 72 Hours After Injection

Average IOP (mm Hg)

Control Postinjection 12 h 24 h 48 h 72 h
Bolus VAN 15.3 = 0.9 23.5 * 1.6* 220 = 0.7% 16.7 = 0.9 16.1 = 0.6 159 = 0.3
DDS 15.5 =+ 0.9 24,0 = 1.4% 229 * 0.6* 157 £ 2.0 153 = 0.6 16.0 = 0.9
Saline 154 = 0.8 23.0 £ 1.4*% 21.2 = 1.1* 25.0 = 0.8% 241 * 2.4* 22,5 = 0.8*
Blank hydrogel 15.5 =+ 0.8 23.6 * 1.6* 225 + 0.7% 244 + 1.8% 255 = 2.9*% 23.1 = 1.1*%

* Significant differences in IOP compared with each treatment group’s respective control measurement (P < 0.05).

Intraocular Pressure

IOP measurements were recorded prior to and
immediately after intravitreal and subconjunctival
injections and at every time point, thereafter. Table 2
shows the average IOP measurements for all treat-
ment groups at each time point. The average control
IOP for all animals was 15.4 £ 0.1 mm Hg. As was
anticipated, a significant increase of ~56% in IOP was
observed immediately after ocular injections in all
treated animals (P < 0.05). Increased IOP remained
at 12 hours for all treatment groups. By 24 hours,
only the saline and blank hydrogel treated groups had
increased IOP (25.0 = 0.8 mm Hg and 24.4 = 1.8 mm

__Bplus VAN treatment ) VAN DDS Treatment

-
& c
‘

%

- Blank DDS group (control)

EIRU P TR o
Saline (PBS, control)

Figure 6. Representative histopathological sections from
enucleated specimen stained with hematoxylin-eosin showing
vitreous for rats in each experimental group 48 hours after
infection (10X). (A) Bolus VAN group showing infiltrated vitreous
and disorganized tissue structure. (B) VAN DDS group showing a
mostly noninfiltrated vitreous and normal, organized tissue
structure. (C) Saline (PBS, control) group showing an infiltrated
vitreous disorganized tissue layers. (D) Blank DDS group showing
an infiltrated vitreous and disorganized tissue layers.

Hg, respectively) presumably due to the presence of
infection. At 48 and 72 hours, the saline and blank
hydrogel treated eyes maintained a statistically
elevated IOP, while bolus VAN and VAN DDS
treated eyes remained statistically unchanged from
the control. With the exception of the 12-hour time
point and the bolus VAN treated eyes at 24 hours,
statistically higher (P < 0.05) IOP measurements
correlated with statistically higher infection scores (P
< 0.05); however, it should be noted that all IOP
values were within the range of what is normal in rats
(15-25 mm Hg).** ¢

Discussion

In this study, the efficacy of our VAN DDS to
prevent S. aureus induced endophthalmitis was
evaluated in comparison with a single intravitreal
bolus injection of VAN. The VAN-loaded DDS was
effective, if not better compared with bolus VAN
treatment throughout the duration of the study. At
all points where infection was observed (24, 48, and
72 hours), the DDS treatment groups performed
significantly (P < 0.05) better than the saline and
blank hydrogel groups, demonstrating a clear ability
to prevent infection. Our VAN DDS performed
significantly better at 24 hours compared with the
bolus VAN treated animals. No clinical signs of
infection were observed for our VAN DDS, whereas
the animals in the bolus group did develop infection.
This difference in results is attributed to the steady
release of antibiotics provided by our VAN DDS. By
48 and 72 hours, however, these two treatment
groups performed comparably, showing low infec-
tion scores and in most cases, no signs of infection in
the animals.

Table 1 displays the infection scores for the
individual ocular structures throughout this study
and demonstrates that for all groups, the infection
score was highest in the vitreous. Infection scores
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were significantly higher (P < 0.01) in the saline
treatment and the blank hydrogel groups as compared
with the VAN DDS groups at 24, 48, and 72 hours.
These scores were also significantly higher than the
bolus VAN group at 48 and 72 hours (P < 0.01). The
significant reduction in vitreal infection scores among
the treated eyes suggests that VAN was able to
successfully penetrate the vitreous. While beyond 24
hours, our VAN DDS performed comparably with a
bolus injection of VAN, the results at 24 hours and
overall suggest several potential benefits to a VAN
DDS system. Animals in the bolus injection group
received a clinical dose of 5 uL. VAN (0.08 mg), while
the animals that received our VAN DDS were given a
DDS that contained a total of 0.06 mg VAN. From
Figure 1, we see that only a fraction of the
encapsulated drug in the VAN DDS is released over
the course of the study, demonstrating that we are
able to deliver a lower VAN dose (0.03 mg by 72
hours) with an equivalent result to bolus injection. As
such, when treated with the VAN DDS, ocular tissues
are exposed to less overall VAN, thereby reducing the
potential risk of VAN associated intracameral tissue
toxicity.”’

The infection scores assigned to the saline treat-
ment group and the blank hydrogel groups were not
statistically different (P > 0.05) within or between
time points, suggesting that there was no placebo
effect encountered from the blank hydrogel system.
These results also indicate that the infection did not
change over the 72-hour time period that followed
injection. Our endophthalmitis model can, therefore,
be characterized by signs of clinical infection that
presents by 24 hours after exposure to infectious cells
and persists for at least 72 hours following exposure.
When our VAN DDS was further evaluated for
biocompatibility, >90% of HUVEC cells remained
viable, a value insignificantly different from a media
control (Fig. 3). This finding is consistent with
previous published studies that conclude that washing
in at least triplicate is sufficient to remove residual
chemicals that were not consumed during the
polymerization reaction.”>*> From these data, we
conclude that our VAN DDS system is biocompatible
with endothelial tissue.

The results observed from the histopathological
sections are consistent with the inflammatory scores
assigned to the corresponding groups of Figures 6B,
6C, and 6D. The VAN DDS treated group received
low clinical infection scores (0.3 = 0.4 at 48 hours),
indicating little to no infection. These low clinical
infection scores agree with the in vitro data

suggesting the biocompatibility and bioactivity of
our DDS and are consistent with the histological
observations that show an organized tissue that has
not experienced any inflammatory cell migration.
Conversely, the saline and blank DDS treated
control groups received infection scores of 2.3 =
0.9 and 2.4 = 0.8 at 48 hours, respectively. These
statistically (P < 0.05) higher scores are supported
by our histological observations, which show in-
flammatory cell migration and disorganized tissue
due to inflammation.™ The average clinical infection
score for the groups that received a bolus VAN
injection was 1.1 £ 0.8 at 48 hours and was not
statistically different (P > 0.05) from the VAN DDS
treated group. However, examination of the histol-
ogy samples from the bolus VAN group indicates the
presence of infection unlike the VAN DDS group,
which remained infection-free. It is possible that the
presence of VAN prevented S. aureus growth
sufficient to minimize clinical symptoms but that
some inflammation still occurred.’ This hypothesis
is supported by the examination of the clinical
infection scores assigned to each individual ocular
structure, which shows that the average vitreous
score in the bolus VAN group at 48 hours was 2.0 =
1.0 compared with a significantly lower (P < 0.01)
average vitreous score in the VAN DDS group of 0.6
* 0.5 (Table 1). These scores indicate that the
inflammation in the vitreous is higher among the
bolus VAN treated group as compared with the
VAN DDS treated group and that the VAN DDS is
better at preventing the development of infection.
In this study, there was a significant increase in
IOP (P < 0.05) immediately following injection of
treatment (Table 2). This increased IOP resolved in
the group treated with bolus VAN and our VAN
DDS after 24 hours but persisted in the two control
groups (saline and blank hydrogel treated). This
transient increase in IOP may be correlated with the
presence of infection due to the influx of inflamma-
tory material that compromise the blood-ocular
barrier.”” After 12 hours, all animals that received
VAN loaded DDS treatment were measured to have
an IOP values that returned to the preinjection values,
indicating that subconjunctival injection of our VAN
DDS had minimal impact on rat IOP. All IOP values
obtained in this study are in agreement with the
normal range of IOPs reported for Long-Evans
rodents.”*° Due to the observation that treatment
groups with lower infection scores also had lower IOP
at 24, 48, and 72 hours, any persistent elevation in
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IOP was likely due to infection rather than the
presence of our DDS.

From the data presented, we believe that our DDS
is a promising option for postoperative antibiotic
administration to prevent endophthalmitis. Ultimate-
ly, for this VAN DDS to be completely developed for
clinical use, it needs to be formulated so that it is fully
biodegradable. Research conducted by Drapala et
al.'® (2014) demonstrated the feasibility of making
this system degradable within 12 days; however, it is
likely that the degradation time would need to be
extended for this application in postoperative antibi-
otic administration in order to ensure steady drug
release for at least 2 weeks.'® Modifications to allow
for the complete degradability of our DDS is our next
step for this study. VAN is one of several prophylactic
antibiotics used for endophthalmitis prevention.'’
VAN is increasingly selected for use in this applica-
tion due to its efficacy against all gram-positive
organisms and in an 11-year study, the incidence of
endophthalmitis dropped 97% from 0.3% to 0.008%
following the prophylactic introduction of VAN
intracamerally.*** However, while some doctors
choose to use VAN alone, others use it in conjunction
with an additional antibiotic or elect to use an
orthogonal approach using a different agent altogeth-
er.'?*1*2 Adapting our system for alternative antibi-
otics could lead to its eventual use in more diverse
applications. In applications where VAN is delivered
prophylactically, it is often compounded with other
antibiotics to provide a more broad-spectrum pro-
phylactic effect.*' Incorporating a complementary
antibiotic such as ceftazidime or gentamycin into
our DDS for the dual release of the two synergistically
effective antibiotics could enable the system to
prophylactically protect against both gram-positive
and gram-negative bacterial strains to achieve an ideal
dual release and is, therefore, recommended.*!

To our knowledge, this is the first time a subcon-
junctival, sustained release DDS to prevent endoph-
thalmitis has been developed and characterized for its
release, encapsulation, and biocompatibility. Other
studies have explored topical administration of a
DDS to improve antibiotic residence time; however, it
is generally reported that topical antibiotics do little to
prevent infection.*’ We believe that the subconjunctival
route is viable for antibiotic drug administration based
on several reviews and studies; however, some concern
exists surrounding the ability of VAN to penetrate the
sclera, choroid, and the tight junctions of the retinal
pigment epithelium (RPE).***® Ambati et al.*’ (2000)
demonstrated that the sclera is permeable to molecules

as large as 70 kDa and thus, owing to the size of VAN
(~1.5 kDa), we believe that scleral permeability is
likely*’. Similarly, choroidal permeability to even large
molecules has been well established.* " While the tight
junctions of the RPE possibly pose the most restrictive
barrier to VAN, we posit that the sustained release
model of our system helps to overcome slow penetra-
tion and allow enough drug concentration to accumu-
late such that an efficacious dose is delivered.

Our results suggest VAN penetration into the
vitreous. Table 1 displays the infection scores for the
individual ocular structures throughout this study and
demonstrates that for all groups, the infection score
was highest in the vitreous. These numbers were
significantly higher in the saline treatment and the
blank hydrogel groups as compared with the VAN
DDS groups at 24, 48, and 72 hours and significantly
higher than the bolus VAN group at 48 and 72 hours.
This significant reduction in virtual infection scores
among the treated eyes suggests that VAN was able to
successfully penetrate the vitreous. Based on the
permeability of the ocular tissue and our current
data, we believe that VAN can penetrate into the
vitreous to have positive effects.

This paper aims to demonstrate the use of a DDS
capable of delivering antibiotics, specifically VAN, in
a controlled and extended manner and to prevent the
development of S. aureus induced endophthalmitis in
a rodent model. The findings presented demonstrate
that a successful DDS with significant potential for
this application has been developed. The efficacy of
our system was validated in vivo, and the controlled
release of VAN was shown to be comparably
efficacious in preventing endophthalmitis to VAN
delivered via bolus injection into the subconjunctival
space. Additionally, cytotoxic evaluation of all
collected samples on HUVEC cells demonstrated that
following five washes, the DDS was biocompatible
and well-tolerated, with no observable adverse effects.
Our DDS remains injectable through small gauge
needles (28-30 G needles). Our thermo-responsive
DDS may have applications in the prevention of
ocular infections and other areas where there is a need
to deliver small molecules in a controlled and
extended manner.
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