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Abstract

Purpose: Intravitreal injections of anti-vascular endothelial growth factors (anti-VEGF) are the
current standard of care for patients with choroidal neovascularization (CNV) secondary to age-
related macular degeneration (AMD). There is a growing subset of patients that does not respond
to anti-VEGF monotherapy treatment. Some patients, however, do respond to a combination
therapy of corticosteroids and anti-VEGF. This treatment requires monthly/bimonthly injections
of anti-VEGF and semi-annual injections of corticosteroid. A drug delivery system (DDS) that
simultaneously releases multiple drugs could benefit these patients by reducing the number of
injections. The purpose of this study was to characterize the simultaneous release of aflibercept
and dexamethasone from a biodegradable microparticle- and nanoparticle-hydrogel DDS.

Methods: Dexamethasone-loaded nanoparticles and aflibercept-loaded microparticles were
created using modified single- and double-emulsion techniques, respectively. Then, microparticles
and nanoparticles were embedded into a thermoresponsive, biodegradable poly(ethylene glycol)-
co-(L-lactic acid) diacrylate (PEG-PLLA-DA)-N-isopropylacrylamide (NIPAAm) hydrogel DDS.
Drug release studies and characterization of DDS were conducted with varying doses of
microparticles and nanoparticles.

Results: The combination aflibercept-loaded microparticle- and dexamethasone-loaded
nanoparticle- hydrogel (Combo-DDS) achieved a total release time of 224 days. Small decreases
were seen in swelling ratio and equilibrium water content for Combo-DDS compared to
monotherapy aflibercept-loaded microparticle-hydrogel DDS (AFL-DDS) and monotherapy
dexamethasone-loaded nanoparticle-hydrogel DDS (DEX-DDS). Bioactivity of aflibercept was
maintained in Combo-DDS compared to AFL-DDS.

Conclusions: The Combo-DDS was able to extend and control the release of both aflibercept
and dexamethasone simultaneously from a single DDS. This may eliminate the need for separate
dosing regiments of anti-VEGF and corticosteroids for wet AMD patients.
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Introduction

Age-related macular degeneration (AMD) is the leading cause of vision loss in the elderly
population 12, Wet AMD, which accounts for 10% of AMD cases, is characterized by
abnormal blood vessel growth in the macula 3. These immature blood vessels cause leakage,
hemorrhage, and retinal damage leading to rapid and severe vision loss #-°. Clinically, the
current standard of care for patients with choroidal neovascularization (CNV) secondary to
wet AMD is monthly or bimonthly intravitreal (IVT) injections of anti-vascular endothelial
growth factor (VEGF) 6-7. Anti-VEGFs used to treat wet AMD include bevacizumab
(Avanstin®, off-label, Genentech, San Francisco, CA, USA), ranibizumab (Lucentis®,
Genentech), and aflibercept (EYLEA®, Regeneron Pharmaceuticals, Tarrytown, NY, USA).

While this treatment has proven to be safe and effective, about 45% of wet AMD patients
do not fully respond to monotherapy anti-VEGF treatment &. Some studies, however,

have shown that these patients respond to a combination therapy of corticosteroids and
anti-VEGF %12, Like many retinal diseases, it has been demonstrated that the progression
of CNV involves both angiogenesis and inflammatory pathways 13-19, The addition of
corticosteroids addresses the inflammatory pathway of CNV that is not targeted by anti-
VEGF. Dexamethasone, a steroid that helps reduce inflammation, has shown potential

in maintaining visual acuity and reducing central retinal thickness when delivered in
combination with monthly or bimonthly IVT injections of anti-VEGF 1217, Dexamethasone
must be delivered, however, as an implant due to its low solubility and short vitreous half-
life of 3.48 hours 2. Thus, this combination treatment requires separate dosing regiments for
each drug: monthly or bimonthly bolus IVT injections of anti-VEGF and semi-annual IVT
injections of a dexamethasone implant such as Ozurdex® (Allergan Inc., Irvine, CA, USA).

A major limitation of anti-VEGF treatment is the need for monthly or bimonthly bolus

IVT injections due to rapid clearance and short vitreous half-lives 21. The known risks

of complications associated with repeated IVT injections include retinal detachment,
endophthalmitis, IVT hemorrhage, and cataract 4-°. Additionally, the frequency of treatment
places a significant burden on patients and healthcare systems. Lastly, bolus injections

have suboptimal pharmacokinetics by reaching peak drug concentration immediately after
administration that is rapidly cleared and is then followed by subtherapeutic concentrations
between doses that allows for further disease progression 22,

Many drug delivery systems (DDS) have been developed to extend the release of anti-VEGF
to address these limitations 23, Some examples of successful DDSs include polymer based
micro- and nano-particles, hydrogels, cell-based therapeutics, and composite systems 24,
Recently, Susvimo™ (Genentech), a port delivery system that releases ranibizumab for six
months, received FDA approval for the treatment of wet AMD after its successful results in
the Archway phase 3 trial 25-26, The port system must be surgically implanted, but then only
requires refills every six months 26. Additionally, our laboratory has developed a composite
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microparticle-hydrogel DDS to continually release anti-VEGF for six months 27-32, In this
system, aflibercept-loaded poly(ethylene glycol)-co-(L-lactic acid) (PLGA) microparticles
are embedded into a thermoresponsive, biodegradable poly(ethylene glycol)-co-(L-lactic
acid) diacrylate (PEG-PLLA-DA)-N-isopropylacrylamide (NIPAAm) hydrogel. It has shown
treatment efficacy and safety in a laser-induced CNV model in rodents and non-human
primates 31732,

By encapsulating dexamethasone into PLGA particles and then embedding into this
composite system, a single DDS would administer both aflibercept and dexamethasone,
therefore eliminating the need for separate dosing regiments. By simultaneously releasing
aflibercept and dexamethasone in a controlled manner for six months, a more advantageous
pharmacokinetic profile can be achieved. It would also result in the reduction of the total
number of IVT injections, reducing the risks of complications associated with repeated IVT
injections and the socioeconomic burden on patients and healthcare systems.

The purpose of this study was to characterize the extended and controlled dual release of
dexamethasone-loaded PLGA nanoparticles and aflibercept-loaded PLGA microparticles
from a single thermoresponsive, biodegradable poly(ethylene glycol)-co-(L-lactic acid)
diacrylate-N-isopropylacrylamide hydrogel DDS /n vitro. Optimal release kinetics for
dexamethasone were determined by varying the loading dose of dexamethasone-loaded
nanoparticles in the DDS. The effects of nanoparticle loading dose on drug release kinetics,
swelling ratio, and equilibrium water content were investigated. Additionally, /n vitro
bioactivity of aflibercept was evaluated after microparticle fabrication and after release from
the DDS.

Fabrication of DDS

Dexamethasone (Sigma-Aldrich, St. Louis, MO) was encapsulated into PLGA (75:25, MW
4-15 kDa) nanoparticles by a modified single-emulsion, solvent evaporation technique
33-34 Dexamethasone and PLGA were dissolved in dichloromethane (DCM) to create the
oil phase, and polyvinyl alcohol (PVVA) was used as the water phase. The oil-in-water
emulsion (o/w) was created by sonication at 100 watts for 3.5 minutes. After the solvent
was allowed to evaporate, dexamethasone loaded-nanoparticles (DEX-np) were collected by
centrifugation, washed with deionized (DI) water at least three times, lyophilized, and stored
at 4°C.

Similarly, aflibercept (Eylea®, Regeneron, Tarrytown, NY) was encapsulated into PLGA
(75:25) microspheres by a modified double-emulsion, solvent evaporation technique
29-30,34 The first emulsion (w1/0) was created by vortex, then immediately added to
polyvinyl alcohol phase (w2) to create a double emulsion (w1/0/w2) by vortex. Excipients
were added to the inner aqueous phase (w1) for protein stabilization and to the oil phase (0)
to act as a buffer 29, After solvent evaporation, aflibercept loaded-microparticles (AFL-mp)
were collected by centrifugation, washed with DI water at least three times, lyophilized, and
stored at 4°C.
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Thermoresponsive, biodegradable PEG-PLLA-DA/NIPAAmM hydrogels were synthesized

by free radical polymerization, described elsewhere 2735, NIPAAm (350 mM), N-tert-
butylacrylamide (50 mM), ammonium persulfate (13 mM), and PEG-PLLA-DA (2 mM)
were dissolved into 1xPBS (pH 7.4) to prepare the hydrogel precursor solution 30,

Varying loading doses of microparticles (Omg/ml and 20mg/ml) and nanoparticles (Omg/ml,
20mg/ml, 40 mg/ml, 60mg/ml, and 80mg/ml) were suspended into the solution to create the
composite DDS. N,N,N’,N’-tetramethylethylenediamine (168 mM, pH 7.4) was added to the
hydrogel precursor solutions to initiate polymerization. Hydrogels were placed on ice for 30
minutes while reaction proceeded to create nanoparticle- and microparticle-hydrogel DDS.
DDS was then collected, washed with DI water five times, and stored at 4°C.

Aflibercept Radiolabeling

Aflibercept was radiolabeled with iodine-125 using iodination beads (Pierce, Rockford, IL,
USA,) for all characterization and release kinetic studies. To remove any unbound, free
iodine, radiolabeled aflibercept was dialyzed against DI water using a dialysis cassette for
48 hours. Then radiolabeled aflibercept was collected, lyophilized, and dissolved in PBS
to create a 40 mg/ml stock solution. Radioactivity was measured using a gamma counter
(Cobra-I1, Auto-Gamma, Packard Instrument Co., Meriden, CT).

Encapsulation Efficiencies and Characterization

Encapsulation efficiency (E.E.) for microparticles and nanoparticles was defined as the
percent of drug within the particles relative to the theoretical loading amount of drug.
Similarly, E.E. of particles into the hydrogel was defined as the percent of particles in the
hydrogel relative to the theoretical loading amount of particles. The size distribution of
dexamethasone-loaded nanoparticles was determined using Nanoparticle Tracking Analysis
(NanoTracking v 3.0, NanoSight LM10, Malvern, UK). For dexamethasone, E.E. into
nanoparticles was determined by using reverse phase HPLC as previously reported 3.
Nanoparticle encapsulation into the hydrogel could not be directly measured due to
experimental limitation.

For aflibercept-loaded microparticles, particle size was determined by capturing images with
a light microscope and using ImageJ Software (National Institutes of Health, Bethesda,
MD). Radioactivity before and after fabrication of microparticles and hydrogel DDS were
used to determine the E.E.’s for aflibercept.

In Vitro Drug Release Studies

In vitrorelease profiles of both dexamethasone and aflibercept from composite DDS

were conducted using a separation method described elsewhere 37, Three preparations

of composite DDS were made for release studies: (1) monotherapy aflibercept-

loaded microparticle-hydrogel DDS (AFL-DDS), (2) monotherapy dexamethasone-

loaded nanoparticle-hydrogel DDS (DEX-DDS) and (3) combination aflibercept-loaded
microparticle- and dexamethasone-loaded nanoparticle- hydrogel DDS (Combo-DDS). Each
DDS was prepared in 1ml volumes and incubated at 37°C in 1.5 ml of PBS (1x, pH 7.4). At
predetermined time points, 1ml of supernatant was removed for analysis and replaced with 1
ml of fresh PBS.
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Dexamethasone release studies were conducted using a NanoDrop™ OneC (Thermo-Fischer
Scientific Inc., MA, USA), a microvolume UV-spectrophotometer. To determine optimal
release kinetics of dexamethasone, release studies for DEX-DDS consisted of 20, 40,

60 or 80 mg/ml dexamethasone-loaded nanoparticles (DEX-np). Similarly, release studies
for Combo-DDS consisted of 20 mg/ml DEX-np with 20 mg/ml of aflibercept-loaded
microparticles (AFL-mp).

For aflibercept release profiles, radiolabeled aflibercept was used to conduct release studies
using a gamma counter. The AFL-DDS previously developed by our laboratory showed
treatment efficacy with a microparticle loading dose of 20 mg/ml 31. Thus, AFL-DDS and
Combo-DDS consisted of 20 mg/ml AFL-mp, and 20 mg/ml AFL-mp and 20 mg/ml of
DEX-np, respectively.

Temperature Dependent Swelling Ratios and Equilibrium Water Content

Bioactivity

Due to the thermoresponsive nature of the hydrogel, swelling ratios and equilibrium water
content (EWC) at varying temperatures were measured. After polymerization, hydrogels
were incubated at 22°C overnight to allow for equilibration. Wet weight (W5 of hydrogels
were measured from 22°C to 46°C after 30 minutes of incubation at each temperature.
Hydrogels were then lyophilized to determine dry weight (/). The swelling ratio (Q) was
defined using the following equation:

Wwet
= 1
) Wary @
Similarly, the equilibrium water content (EWC) was defined as:
Wiwet — W,
EWC = et 74y, 1009 @
Wwet

EWC for each DDS was determined by averaging the values at each temperature.

First, bioactivity of aflibercept after microparticle formulation was evaluated. The primary
emulsification (w1/0) was simulated to determine the effects of the organic phase (DCM)
on aflibercept stability. The inner water phase (w1) was created by dissolving 100

ul of aflibercept stock solution (40mg/ml) in PBS with 12% BSA (w/v%). Then it

was incorporated into the organic phase at a 1:5 v/v water-to-organic phase ratio. The
emulsification was created by stirring at 3200 rpm for 90s to evaluate water/organic solvent
interface effect. In order to extract aflibercept from the organic phase, 4 ml of PBS was
added, and then the mixture was stirred for 2 min. Then the mixture was centrifuged at
5000 rpm for 10 min to accelerate phase separation (total o/w ratio was 1:8.2). The aqueous
phase was collected and used to evaluate the recovered amount and stability of aflibercept by
enzyme linked immunosorbent assay (ELISA). As a control, PBS was used in place of the
organic phase and the same procedure was conducted.
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Next, bioactivity of aflibercept released from DDS was determined. Aflibercept-loaded
DDS showed significant inhibition of VEGF-induced human umbilical vascular endothelial
cell (HUEVC) proliferation compared to blank DDS at all timepoints 28. This indicates
that bioactivity of aflibercept remains throughout the entire release time. To determine

the bioactivity of aflibercept from Combo-DDS, HUVECSs were cultured, trypsinized, and
seeded into 96-well plates at 5000 cells per well in growth medium (Lonza Inc., Allendale,
NJ, USA). After the cells had grown to ~80% confluence (~48 hours), cell growth was
arrested by washing the plates twice with PBS (1%, pH 7.4) and then adding 50 pL of basal
growth media (Lonza Inc., Allendale, NJ, USA) to each well. To achieve VEGF-induced
proliferation, 25 pL of 10 ng/mL exogenous VEGF (Lonza) was added to each well. Then,
25 L of a release sample of anti-VEGF (aflibercept) was added.

A solution containing a tetrazolium compound (3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt; MTS) and an electron
coupling reagent (phenazine ethosulfate) (MTS assay, CellTiter 96® Aqueous One Solution
Reagent; Promega, Madison, WI, USA) was used according to the manufacturer’s protocol
to determine cell proliferation and cytotoxicity after exposure to the release samples for two
days. According to the MTS assay protocol, cell proliferation is proportional to the optical
density (OD) of a sample when read using a spectrophotometer at 490 nm 1 to 4 hours

after adding the MTS reagent. Cell proliferation was normalized relative to wells receiving
only exogenous 10 ng/mL VEGF (negative control). Positive controls consisted of 25 pL of
a clinical dose of drug (40 mg/mL aflibercept) added to wells containing 25 uL 10 ng/mL
VEGF.

Statistical Analysis

Results

All values are reported as mean + standard error and in all graphs, error bars represent
standard error. All statistical analysis between experiment groups was performed using
Student’s t-test and any p value less than 0.05 considered to be significant.

Characterization of Particles

AFL-mp and DEX-np were successfully fabricated. AFL-mp had an average diameter of
6.9 £ 0.4 um and encapsulation efficiency of drug into microparticle of 66.6 + 1.4% (n=3),
which agrees with previously reported values 27:39, Dexamethasone nanoparticles had an
average diameter of 138.9 + 6.2 nm and encapsulation efficiency of drug into nanoparticles
of 91.6 + 4.2% (n=10).

In Vitro Release Studies

Release Profiles of Dexamethasone: Cumulative releases of dexamethasone from DEX-
DDS can be seen in Figure 1. All loading doses of DEX-np were successfully embedded
into DDS and maintained drug release for at least 200 days. Loading doses of 20, 40, 60 and
80 mg/ml had similar release rates of 16.0, 21.1, 19.4, and 19.6 ug/day, respectively, within
the first 100 days (Table 1). While the 20 mg/ml continued at a similar release rate of 18.4
ug/day, the higher loading doses of DEX-np had a drastic increase in release rate after day
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100. The release rates after 100 days increased to 32.2, 27.0, and 64.3 ug/day for 40, 60 and
80 mg/ml, respectively.

The 20 mg/ml loading dose had the most consistency and control of release, and therefore
was used for DEX-np dose in the Combo-DDS for all other experiments. As seen in Figure
2, the addition of AFL-mp into the DDS did not significantly change the releases kinetic or
characterization of dexamethasone release. DEX-DDS had initial burst, release rate after 7
days, release time and total drug released of 244.5 + 17.0 ug, 17.6 ug/day (R2 = 0.98), 224
days, and 3850.8 + 99.8 ug, respectively. Similarly, Combo-DDS had initial burst, release
rate after 7 days, release time and total drug released of 217.8 + 2.5 ug, 22.9 ug/day (R? =
0.97), 252 days, and 5764.8 * 3.2 ug, respectively (Table 2). No significant differences were
seen in initial burst, release rate, or total drug released for DEX-DDS and Combo-DDS.
However, Combo-DDS was able to further reduce the initial burst and increase the total
release time and amount of dexamethasone released.

Release Profiles of Aflibercept: Figure 3 shows the cumulative releases of aflibercept
microparticles (20 mg/ml) from both AFL-DDS and Combo-DDS. The release of aflibercept
from AFL-DDS had similar characteristics as previously reported [30]. Table 3 shows the
release characteristics of aflibercept from AFL-DDS and Combo-DDS. AFL-DDS achieved
a total aflibercept drug load of 277.9 + 8.4 ug and initial burst of 66.7 + 11.2 ug. Similarly,
Combo-DDS achieved a total aflibercept drug load of 267.4 £ 2.2 ug and initial burst of
54.2 £ 7.7 ug. There were no significant differences between AFL-DSS and Combo-DDS
for initial burst or total aflibercept drug load (p > 0.2). After 7 days, AFL-DDS and
Combo-DDS achieved release rates of 0.37 and 0.58 ug/day, respectively. Combo-DDS was
able to achieve a longer release time of 224 days compared to AFL-DDS release time of 203
days. Similarly, Combo-DDS achieved a higher final percent of aflibercept released (89.7 +
5.1) compared to AFL-DDS (69.4 £ 6.8).

Temperature-Dependent Swelling Ratios and Equilibrium Water Content: Figure 4a
shows the swelling ratios and equilibrium water content (EWC) for DEX-DDS, AFL-DDS,
and Combo-DDS. At room temperature (21.8°C), swelling ratios for DEX-DDS, AFL-DDS,
and Combo- DDS were 18.3 + 0.3, 16.5 £ 0.5, and 13.3 + 0.1, respectively. Similar
decreasing trends were seen for all DDSs from 22 to 46°C. Above physiological temperature
(42°C), swelling ratios for DEX-DDS, AFL-DDS, and Combho-DDS were 7.1 + 0.2, 6.9

+ 0.3, and 5.7 + 0.2, respectively. Statistically significant differences were found between
Combo-DDS and AFL-DDS (p < 0.05), in addition to Combo-DDS and DEX-DDS (p <
0.05), at each temperature. EWC for DEX-DDS, AFL-DDS, and Combo-DDS hydrogels
were 93.2 = 2.6, 93.6 + 2.6, and 91.7 *+ 2.9, see Figure 5b. A statistically significant
difference was found between the EWC of Combo-DDS and AFL-DDS (p = 0.035). No
other significant differences were seen in EWC.

Bioactivity of Aflibercept: In order to evaluate aflibercept bioactivity after exposure

to organic solvent (DCM), the primary emulsification was simulated, and ELISA was
conducted with the recovered aflibercept. When compared to the control (PBS), aflibercept
maintained 91.0 £+ 3.2% of its bioactivity (n=3). No significant differences were seen with
exposure to DCM compared to exposure to PBS (p = 0.38). Additionally, the bioactivity
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of aflibercept released from DDS was evaluated. Proportional increases in HUVEC
proliferation were observed with varying amounts of VEGF (positive controls) compared to
negative control (BGM) (Figure 5a). The addition of a clinical dose of aflibercept (40mg/ml)
showed a significant reduction of VEGF-induced proliferation compared to positive controls
(p < 0.05). The addition of aflibercept did not show any significant difference compared

to negative control (p > 0.62). Significant inhibition of VEGF-induced proliferation was
observed at each timepoint throughout the release period of AFL-DDS and Combo-DDS
(Figure 5b). This is shown by the reduction in normalized OD for all drug-treated HUVECs
compared to the controls. No significant differences were seen between AFL-DDS and
Combo-DDS.

Discussion

In this study, dexamethasone-loaded nanoparticles and aflibercept-loaded microparticles
were successfully embedded and released from a biodegradable, thermoresponsive hydrogel
drug delivery system for ~200 days. DEX-np were created using a modified single-emulsion
technique, resulting in PLGA nanoparticles averaging 138.9 + 6.2 nm in diameter with

drug encapsulation efficiency of 91.6 + 4.2%. Similarly, AFL-mp were created using a
modified double-emulsion technique, which resulted in PLGA microparticles averaging 6.9
+ 0.4 um in diameter and a drug encapsulation efficiency of 66.6 + 1.4%. Long-term
release of dexamethasone was achieved by the degradable nanoparticle-hydrogel DDS.
Additionally, combining DEX-np and AFL-mp did not significantly change drug release
kinetics compared to their single releases. The Combo-DDS in this study has the potential
to replace the standard treatment of monthly/bimonthly IVT injections of anti-VEGF and
semi-annual IVT injections of dexamethasone implant for non-responsive patients.

While some optimization of dexamethasone encapsulation into PLGA particles has been
done, consistency in DEX-np fabrication remains a challenge due to the poor water
solubility (0.16 mg/ml) 38 and crystallization of drug 33. Variability in drug encapsulation
leads to differences in final drug-to-polymer ratio, which may explain why there is not a
direct relationship between increase in nanoparticle load and increase in total drug release.
Meaning, different loading doses of DEX-np could result in similar amounts of total drug
released since loading dose is based on weight of particles not weight of drug. Further
optimization of dexamethasone encapsulation into PLGA nanoparticles could achieve more
consistent drug release.

All loading doses of DEX-np (20, 40, 60 and 80 mg/ml) were investigated to determine
release kinetics and characterization from 1 ml of DDS. Similar release rates were observed
within the first 100 days of all releases. After 100 days, 20 mg/ml loading dose maintained
its release rate, while the higher loading doses had more drastic increases in release rate
(Table 1). We speculate that as the hydrogel degrades and loses its integrity, release

rates increase since the hydrogel acts as less of a barrier, which would be compounded

at higher doses. When scaled to a clinical injection volume of 50 pl, all loading doses

of DEX-np would maintain drug levels that have been shown to suppress inflammation
intravitreally (0.15-4.00 pg/ml) 39-44, and therefore would all be viable options. There

are some associated risks, however, with long-term dexamethasone use. In the GENEVA
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study, there was a significant occurrence of cataract progression in retinal vein occlusion
(RVO) patients after only 12 months of receiving a DEX implant 4°. Similarly, increases
in intraocular pressure (IOP) were found in RVO patients after two injections of DEX 45,
To minimize any risk of continuous DEX treatment, the lowest loading dose of DEX-np
(20mg/ml) was used for Combo-DDS. When embedded in combination, no significant
changes in characterization or the release kinetics of dexamethasone or aflibercept were
observed compared to their individual single releases (Figures 2 and 3).

The thermal transition behavior of PEG-PLLA-DA/NIPAAmM hydrogels with micro- and
nanoparticles was evaluated from 22 to 46°C. DEX-DDS, AFL-DDS and Combo-DDS
had an inverse relationship between temperature and swelling ratio (Figure 4a), which is
similar to previously reported trends 2°. Since hydrogel mesh size is proportional to swelling
ratio, these results indicate that the hydrogel mesh size would decrease at physiological
temperature and allow for a more controlled drug release in vivo. As for EWC, all DDSs
had relatively high values (Figure 4b), which is advantageous since hydrogels with high
water content are generally more biocompatible in medical applications 46. Differences in
swelling ratio and EWC were seen when comparing Combo-DDS to both DEX-DDS and
AFL-DDS (p < 0.05), which may be due to the increase in total dry weight compared to
AFL-DDS and DEX-DDS. The Combo-DDS has double the total weight of microparticles
and nanoparticles than the monotherapy DDSs, which in turn would yield a higher dry
weight. This would account for the decreases in swelling ratio and EWC seen in the
Combo-DDS since both are directly calculated using dry weight.

For protein encapsulation using a double emulsion technique, the organic solvent has the
greatest influence on bioactivity due to denaturation and aggregation of protein at the
interface 4749, Therefore, simulation of the primary emulsion (w1/0) was used to evaluate
changes in bioactivity due to the microparticle formulation process. No change in aflibercept
bioactivity was seen with the presence of BSA (12% w/v). Previous reports have shown

that albumin is the most protective additive in the primary emulsion 4951, It is thought

that albumin occupies the solvent/water interface, which prevents therapeutic proteins from
contacting the interface 50-53,

Dexamethasone loaded-nanoparticles can be incorporated into the aflibercept-loaded
microparticle-hydrogel DDS without significantly altering the bioactivity of released
aflibercept. No significant differences were seen in the bioactivity of aflibercept from AFL-
DDS or Combo-DDS (Figure 5). Previous studies have shown that dexamethasone does not
inhibit VEGF-induced proliferation /in vitro %54, and therefore, no differences in aflibercept
bioactivity would be expected between AFL-DDS and Combo-DDS. The similarities in
bioactivity of AFL indicate that there are no antagonistic drug-drug interactions from
Combo-DDS, thus allowing for combination therapy DDS rather than two monotherapies.

By modifying the particle-hydrogel DDS, this system can effectively control and extend
drug release for a range of drugs, from hydrophobic steroids to hydrophilic proteins. This
study shows that simultaneous release of drugs can be achieved without significant changes
to release kinetics or characterization. The nanoparticle- and microparticle-hydrogel DDS
has proven to be an effective method for simultaneously releasing dexamethasone and
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aflibercept for six months. Not only would this DDS eliminate the need for separate dosing
regiments of anti-VEGF and corticosteroids for wet AMD patients, but it would also reduce
the annual number of IVVT injections, lower the socioeconomic burden on patients and

he

althcare systems, and allow for more favorable release kinetics.
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Figure 1.
In vitro release of dexamethasone from DEX-DDS with 20, 40, 60, and 80 mg/ml loading

dose of dexamethasone-loaded nanoparticles. Error bars represent standard error (n=3).

Curr Eye Res. Author manuscript; available in PMC 2023 July 01.

300



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rudeen et al. Page 14

Percent Release (%)

100-

N
o
1

- DEX-DDS
: -=- Combo-DDS
0-% | | 1
0 100 200 300
Time (days)

Figure 2.
Cumulative releases of dexamethasone from DEX-DDS and Combo-DDS. Error bars

represent standard error (n=3).
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Figure 3.
Cumulative releases of aflibercept from AFL-DDS and Combo-DDS. Error bars represent

standard error (n=3).
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Bioactivity of dexamethasone- and aflibercept-loaded DDS (Combo-DDS), and aflibercept-
loaded DDS (AFL DDS). Statistically significant differences between groups are indicated
by * (p < 0.05). Error bars represent standard error (n=3).
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Table 1.

Release Characteristics of Dexamethasone From DEX-DDS.
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Concentration of Total drug Initial burst Release rate first 100 Release rate after 100 Release time

DEX-np (mg/ml) released (ug) (first 24 hours) days (ug per day) days (ug per day) achieved
(hg) (days)

20 3850.8 +£99.8 2445+ 17.0 16.0 (R?=0.97) 18.4 (R?=0.93) 224

40 7230.9 + 1385.8 2949+128 21.1 (R2=0.97) 32.0 (R2=0.96) 253

60 5784.3 +£208.7 323.8+3.2 19.4 (R? = 0.96) 27.0 (R2=0.87) 253

80 7980.3 +£154.4 348.9+6.5 19.6 (R? = 0.96) 64.3 (R2=0.99) 253

Data represented by mean + SEM (n=3).
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Table 2.

Dexamethasone Release Characteristics from DDS.
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Formulation | Estimated Total Drug Load Initial Burst (first 24 Release Rate after 7 days (ug/day) | Release time
(ug) hours) (%0) achieved (days)

DEX-DDS 3850.8 £99.8 6.3+04 17.6 (R2=0.98) 224

Combo-DDS 5764.8 +3.2 24+0.6 22.9 (R2=0.97) 224

Data represented by mean = SEM (n=3).
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Table 3.

Aflibercept Release Characteristics from DDS.
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Formulation | Estimated Total Initial Burst E.E. of Particles Release Rate after 7 | Release time Final Percent
Drug Load (ug) (first 24 hours) | into Hydrogel days (ug/day) achieved Released (%0)
(%) (%) (days)
AFL-DDS 2779+ 8.4 24.1+4.3 749+25 0.37 (R2=0.88) 203 69.4+6.8
Combo-DDS 267.4+22 202+27 75.6 £0.4 0.58 (R2=0.95) 224 89.7+5.1

Data represented by mean + SEM (n=3).
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