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ABSTRACT
Purpose An autofeedback complex polymeric platformwas used
in the design of an intelligent intraocular implant—the I3—using
stimuli-responsive polymers, producing a smart release system
capable of delivering therapeutic levels of an anti-inflammatory
agent (indomethacin) and antibiotic (ciprofloxacin) for posterior
segment disorders of the eye in response to inflammation.
Methods Physicochemical and physicomechanical analysis of the
I3 was undertaken to explicate the highly crosslinked make-up and
‘on-off’ inflammation-responsive performance of the I3. In addi-
tion, energetic profiles for important complexation reactions were
generated using Molecular Mechanics Energy Relationships by
exploring the spatial disposition of energy minimized molecular
structures. Furthermore, preliminary in vivo determination of the
inflammation-responsiveness of the I3 was ascertained following
implantation in the normal and inflamed rabbit eye.
Results In silico modeling simulating a pathological inflammatory
intraocular state highlighted the interaction potential of hydroxyl
radicals with the selected polysaccharides comprising the I3. The
intricately crosslinked polymeric system forming the I3 thus
responded at an innate level predicted by its molecular make-up

to inflammatory conditions as indicated by the results of the drug
release studies, rheological analysis, magnetic resonance imaging and
scanning electron microscopic imaging. In vivo drug release analysis
demonstrated indomethacin levels of 0.749±0.126 μg/mL
and 1.168±0.186 μg/mL, and ciprofloxacin levels of 1.181±
0.150 μg/mL and 6.653±0.605 μg/mL in the normal and in-
flamed eye, respectively.
Conclusions Extensive in vitro , molecular, and in vivo character-
ization therefore highlighted successful inflammation-
responsiveness of the I3. The I3 is a proposed step forward from
other described ocular systems owing to its combined
bioresponsive, nano-enabled architecture.
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ABBREVIATIONS
ALG Alginate
BPMs Bioresponsive polymeric matrices
CMV Cytomegalovirus
DCC N ,N ′-dicyclohexylcarbodiimide
DSPC Distearoylphosphatidylcholine
DSPE Distearoylphosphatidylethanolamine
HA Hyaluronic acid
I3 Intelligent Intraocular Implant
Lipo-CHT-PCL NS Lipoidal-chitosan-poly(ε -caprolactone)

nanosystem
LPS Lipopolysaccharide
MMER Molecular Mechanics Energy Relationships
NS Nanosystem/s
OH Hydroxyl radicals
PAA Poly(acrylic acid)
PCL Poly(ε -caprolactone)
SRHS Stimulus-responsive hydrogel system
SVH Simulated vitreous humor
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INTRODUCTION

Inflammatory posterior segment ocular (vitreoretinal) disorders,
such as uveitis (which may be infectious or non-infectious), have
been highlighted as the foremost contributors to visual impair-
ment, and ultimately blindness (1,2). Research has been implicit
in conveying that controlled polymeric drug delivery systems are
essential for realizing a superlative pharmaceutical intervention,
where effective bioactives are available for intraocular disease
treatment. Furthermore, of current and pertinent interest is the
incorporation of a two-way communication between the body
and polymeric delivery platforms for the creation of systems that
recognize a biochemical process pertaining to a disease and
respond aptly via drug release (3,4). Barbu and co-workers (4)
proposed that sustained drug delivery from biodegradable im-
plants incorporating ‘smart’ materials, combining the capabili-
ties of stimulus response and molecular recognition, could pos-
sess enhanced potential for posterior segment disorder manage-
ment. Furthermore, a number of inflammatory ocular diseases
are chronic and hence require prolonged drug therapy. Release
of an inflammation-reducing agent in a fashion responsive to a
stimulus e.g. the presence of inflammatory reactions, would
purportedly minimize adverse reactions related to the drug.
Extrapolating current research on inflammation-responsive sys-
tems (5), design of a controlled release ocular delivery system
that delivers an anti-inflammatory drug and possibly an antibi-
otic at a rate that is responsive to the presence or absence of
inflammation in a patient on a specific day, for instance, would
be particularly advantageous for the effective treatment of pos-
terior segment disorders.

The current market leader representing intraocular im-
plantable systems for the treatment of uveitis is Retisert™
incorporating a corticosteroid (fluocinolone 0.59 mg
intravitreal implant, Bausch and Lomb, Inc.), the first FDA
approved intravitreal implant for the treatment of chronic
posterior non-infectious uveitis. The Retisert™ provides con-
tinuous delivery of the corticosteroid (6). Because there is
uninterrupted release of anti-inflammatory drug, irrespective
of alterations in the presence or absence of inflammation,
there is an enhanced propensity for the occurrence of side
effects, such as, cataract development, intraocular pressure
elevation, procedural complications and eye pain (7). New
developments in intraocular delivery systems have been re-
ported (8–11). Their delivery mechanisms are generally based
on attaining ‘controlled and sustained’ levels of drug (12).
However, what must be kept in mind is that available intra-
ocular implants for controlled high-dose corticosteroid deliv-
ery have suffered from a notably high complication rate, as
highlighted during clinical trials conducted by Holekamp et al .
(13). In terms of stimulus-responsive approaches employed in
ocular drug delivery, Zeimer and Goldberg (14) have devel-
oped a method for local targeting of drugs in the eye based
on a straightforward mechanism. The method, called light-

targeted delivery (LTD), implicated the encapsulation of a drug
in heat-sensitive liposomes, ensued with intravenous injection,
and ultimate release of their content at the site of preference by
non-invasively warming up the targeted tissue with a light pulse
directed through the pupil of the eye (14). There is a scarcity of
stimulus-responsive ocular systems, however, that exploit the
intraocular inflammatory process. This begs the consideration
of progressive and enhanced delivery system design strategies
directed towards inflammation-responsiveness.

In this investigation, we therefore proposed the pragmatic
design of an intelligent intraocular implant (I3) that recognizes a
specific biochemical process inherent to inflammation and then
responds via an in-built mechanism to effect polymeric erosion
with resultant drug release. Thus the platform onwhich the I3 is
based would incorporate potentially inflammation-responsive
polymeric materials for implantable drug delivery. The pre-
mise is the design of inner and outer bioresponsive polymeric
matrices (BPMs) that would erode and release an incorporated
model anti-inflammatory and antibiotic in a fashion responsive
to a stimulus, such as the highly reactive intermediates, includ-
ing hydroxyl radicals (OH.), that are released from activated
leukocytes both in vitro and during acute and chronic intraoc-
ular inflammatory reactions in vivo (15). Furthermore, the inner
core is comprised of an anti-inflammatory agent encapsulated
within a lipoidal-chitosan-poly(ε -caprolactone)-nanosystem
(Lipo-CHT-PCL-NS). Erosion of the core in the presence of
inflammation would result in release of the NS, which would
target inflammatory sites. The configuration of the I3 is such
that it incorporated a model antibiotic, ciprofloxacin, in the
outer BPM and model anti-inflammatory, indomethacin, in
the inner BPM. The overall modus operandi of the I3 is provided
in Animation 1 (video) / Animation 1 (still) .

Hyaluronic acid (HA) was initially identified as the key
polymer for formulation of the I3 owing to its established
inflammation-responsive capabilities. HA possesses a
bioresorbable nature and ease of degradation in vivo due to
the action of the enzyme hyaluronidase and free radicals,
however, this ultimately restricts its use for applications where
a more enduring effect is required. Thus, modification of HA
while maintaining its bioresponisive potential was necessary so
as to increase its residence lifetime and extend its potential
applications (16). Additional inflammation-sensitive polymers
were thus included together with HA to form a highly
crosslinked, yet still innately inflammation-responsive implant.
The proposed inflammation-sensitive polymers, together with
HA, were formulated as multi-crosslinked simultaneously-
originated BPMs possessing the inherent capabilities to meet
the following design criteria:

1. Minimal drug release under in vitro conditions simulating
a normal physiological intraocular state

2. Enhanced drug release (relative to the normal state) under
in vitro conditions simulating a pathological inflammatory
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intraocular state created in the presence of hydroxyl rad-
icals generated via the Fenton reaction. A triggered ero-
sion of the BPMs with a more rapid response from the
outer BPM is necessitated for management of the initial
infection and acute inflammatory response.

3. The inner (core) BPM should display modulated
inflammation-responsive erosion to release the anti-
inflammatory agent-loaded NS for management of the
ensuing inflammation.

4. Correlation of in vitro behavior with in vivo performance in
a suitable animal model with demonstration of a reduc-
tion in intraocular inflammation on release of the drug/s
from the respective BPMs.

It is important to note that the I3 is a proposed step forward
from other described ocular systems owing to its combined
bioresponsive nature and nano-based targeting capabilities,
which would not provide sustained levels of drug for intraocu-
lar inflammatory condition-treatment (e.g. uveitis), but rather
levels that are aligned with the presence or absence of intraoc-
ular inflammation experienced by a specific patient at a specific
time, and therefore individualized and synchronized directly
with the needs of the patient. Thus the described side effects
that have been reported for products on the market would be
minimized through the proposed system which would provide
enhanced drug release when exposed to an inflammatory
stimulus compared to when the implant is subjected to nor-
mal intraocular conditions. Furthermore, surgical complica-
tions (e.g. choroidal detachment, endophthalmitis, hypotony,
retinal detachment, vitreous hemorrhage and/or loss, wors-
ening of intraocular inflammation and wound dehiscence) (6)
would be reduced in the I3 due to the biodegradability of the
device, obliterating the need for removal of the device which
is necessitated in non-biodegradable ocular implants.

The interaction of the I3 with the ocular environment
is tantamount to elaboration of the bioresponsive capa-
bilities of the device, which in turn depends on the
characteristics of the device, and can be engineered into
the implant by varying the chemical or physical prop-
erties of the polymer (17). Thus, interpretation of the
physicochemical and physicomechanical properties is a
prerequisite in defining the behavior/ performance of
the device following implantation.

In silico modeling simulating a normal and a pathological
inflammatory intraocular state (created in the presence of
hydroxyl radicals) was initially performed to predict the effect
of the inflammatory radicals on the selected polymers compris-
ing the I3, specifically the inflammation-responsive HA mole-
cule. In order to gain an in-depth understanding of the
crosslinking mechanisms employed to derive the device with
rheological demonstration of pertinent transitions at the fabri-
cation stage, consequent altered thermal and molecular vibra-
tional behavior of the implant, and overall implant

architecture; Fourier Transform-infrared spectroscopy, rheo-
logical investigations, Advanced Differential Scanning
Calorimetric studies, and Scanning Electron Microscopy, were
respectively and systematically performed. This was in tandem
with drug release investigations and Magnetic Resonance
Imaging explicating the on-off inflammation-responsive behav-
ior of the I3. These investigations would purportedly enable
identification of the suitability of the I3 as a bioresponsive
system for potentially enhanced patient outcomes.

Ultimately the preliminary clinical potential of the I3 in a
rabbit eye model was assessed for its ability to respond with
notably enhanced drug release when exposed to an inflam-
matory state—demonstration of the inflammation-responsive
drug release could present a significant advance in the treat-
ment of ocular inflammatory diseases and associated intraoc-
ular infections.

MATERIALS AND METHODS

Materials

For the Lipo-CHT-PCL Nanosystem

Chitosan (CHT, low molecular weight Mw<6,000 Da,
viscosity ~20 000cps), poly(ε-caprolactone) (PCL), indometha-
cin (99% TLC minimum), DL-α disteroylphosphatidylcholine
(DSPC), L-α distearoylphosphatidylethanolimine methoxypoly-
ethylene glycol conjugate (DSPE-mPEG, referred to as DSPE,
henceforth), and Tween® 80 were all purchased from Sigma-
Aldrich® Inc. (St. Louis, MO, USA). Acetone and hydrochloric
acid (HCl, 32%) were obtained from Unilab (Merck Chemicals
(Pty) Ltd, Wadeville, Gauteng). Chloroform spirit was pur-
chased from Wako (Pure Chemical Industries, Ltd. Japan).
All other reagents were of analytical grade and were used as
received.

For the BPMs

Hyaluronic acid (potassium salt, from human umbilical cord),
chitosan (MMW) N ,N ′-dicyclohexylcarbodiimide, indometh-
acin (99% TLC) and gluteraldehyde 25%v/v were all pur-
chased from Sigma-Aldrich® Inc. (St Louis, MO, USA).
N -hydroxysuccimide and ciprofloxacin were purchased
from Fluka® Analytical via Sigma-Aldrich® Inc. (St Louis,
MO, USA). Alginate (TICA-algin® 400 Powder, medium
viscosity) was purchased from Texture Innovation Center®
(White Marsh, MD, USA). Other materials employed were
polyacrylic acid (Carbopol 974P®) (Noveon Inc., Cleveland,
Ohio, USA), as well as hydrochloric acid and aluminum
chloride that were purchased from (Merck, Wadeville,
Gauteng, South Africa). All other reagents were of analytical
grade and used as received.
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Synthetic Processes for I3 Formulation

The I3 was designed as a secure-fit dual bioresponsive poly-
meric matrix system with a NS enclatherated as a superlattice’
with chitosan (CHT) forming the inner BPM in which the NS
was embedded; and alginate (ALG), hyaluronic acid (HA) and
poly(acrylic acid) (PAA) forming the inflammation-responsive
outer BPM.

Synthesis of Lipoidal-Chitosan-Poly(ε-Caprolactone)
Nanosystems

PCL (50mg) and the anti-inflammatory, indomethacin (20 mg),
were dissolved in 3 mL acetone. For the composite NS (Lipo-
CHT-PCL NS), the phospholipids, DSPC (20 mg) and DSPE
(5 mg), were dissolved in 2 mL chloroform and the organic
phases mixed. Chitosan (low molecular weight, LMW) (50 mg)
was dissolved in 15mL 0.05MHCl. Tween® 80 (0.01mL) was
included as a surfactant. The chitosan solution was slowly added
to the phospholipid-PCL-indomethacin solution with sonication
at a relative amplitude of 80 for 1 min (20 kHz sonicator,
VibraCell, Sonics and Materials, Inc., Danbury, CT, USA).
The organic solvent was subsequently evaporated with gentle
stirring for 3 h. The interaction between the carboxyl or hy-
droxyl groups of the anionic PCL and the amine groups of
chitosan formed immediate polyionic nanogels. The stability of
the formed NS suspension was maintained through freezing at
−80°C in an ultra-low freezer (Sanyo VIP™ Series, Sanyo
North America Corporation, Wood Dale, IL, USA) prior to
incorporation as the core of the I3. The ultimate destination of
the NS is incorporation within the core of the I3, which would
be composed of a crosslinked chitosan matrix. Chitosan (medi-
um molecular weight, MMW) was hydrated in the NS suspen-
sion to yield a final MMW chitosan concentration of
13.33%w/v. This yielded the cationic polymer mixture for
deriving the inner BPM of the I3.

Formulation of the Bioresponsive Polymeric Matrices

For the outer BPM a 4%w/v sodium alginate (ALG)—1%w/v
polyacrylic acid (PAA) (Carbopol® 974)—3%w/v N—
hydroxysuccimide (NHS)—0.25%w/v hyaluronic acid (HA)—
2.5%v/v gluteraldehyde—0.25%w/v ciprofloxacin aqueous solu-
tion was prepared, instituting carbodiimide coupling chemistry
to increase the interconnectivity of the matrix. N ,N ′-
dicyclohexylcarbodiimide (DCC), which is commonly used as a
coupling agent or activator, was employed to facilitate coupling
between the HA and ALG, and the PAA. DCC (300 mg) was
dissolved in ethanol and dispersed within the polymeric solution.
This formed the anionic polymer-drug solution.

In this synthetic effort, the carbodiimide functionality acts
as a dehydration agent and activates carboxylic acids towards
amide or ester formation. The inclusion of additives or

reagents in the polymeric composition, namely NHS, has
the purpose of increasing the reaction yield, i.e., increasing
interpolymeric crosslinking via, proposedly, amide formation,
and decreasing side reactions (18).

For the Nano-Enabled I3. The anionic polymer-drug solution
(0.3 mL) was distributed to plastic moulds (diameter=12 mm,
volume=1 cm3, curvature=10o) containing 0.05 mL of an
acidified 3%w/v AlCl3 solution, where the AlCl3 serves as a
catalyst for the interpolymeric coupling reaction (Friedel-
Crafts acylation). The cationic polymer solution (0.1 mL)
was added to the center of the mould. Diffusional develop-
ment of two separate interpenetrating networks, and simulta-
neous curing of the chitosan core (inner BPM) and outer
BPM, was allowed to occur over 12 h. The final implants
were washed thrice with double deionized water and allowed
to dry for 48 h under ambient conditions at 25°C.

Molecular Modeling Simulations for Prediction
of Pertinent Interactions between the I3 and Normal
or Inflammatory Ocular Milieu

The concept of computational chemistry andmolecular model-
ing relates to the application of theoretical methods and com-
putational techniques for the modeling and simulation of small
chemical and biological systems in order to predict and inter-
pret their behavior, and is significantly applicable to polymeric
systems implicated in the formation of a novel drug delivery
system as exemplified, in this investigation, by the I3. All model-
ing procedures, computations, and molecular simulations were
performed using commercial softwares: HyperChemTM 8.0.8
Molecular Modeling System (Hypercube Inc., Gainesville,
Florida, USA) and ChemBio3D Ultra 11.0 (CambridgeSoft
Corporation, Cambridge, UK). Simulation approaches includ-
ed molecular mechanics (MM) and molecular dynamics with
the number of atoms, pressure and temperature held constant
(NPT-MD).

Static Lattice Atomistic Simulations in a Solvated System

The decamer of polyacrylic acid (PAA) was archetyped using
ChemBio3D Ultra in its syndiotactic stereochemistry as a 3D
model, whereas the structures of alginate (ALG; 6 monosac-
charide units) and hyaluronic acid (HA; 6 monosaccharide
units) was built from standard bond lengths and angles using
the Sugar Builder Module on HyperChem 8.0.8. To generate
the final models in a solvated system, the MM simulations
were performed for cubic periodic boxes with the polymer/
polymer at the center of the cubic box and the remaining free
space filled with water molecules and primarily energy-
minimized using the MM + Force Field algorithm and the
resulting structures were subsequently energy-minimized
using the AMBER 3 (Assisted Model Building and Energy
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Refinements) Force Field algorithm. The force fields were
utilized with a distance-independent dielectric constant with
no scaling (Table I). Additionally, the Force field options in the
AMBER (with explicit solvent) were extended to incorporate
cutoffs to inner and outer options with the nearest-image
periodic boundary conditions, and the outer and inner cutoffs
were to ensure that there were no discontinuities in the po-
tential surface (19).

Molecular Mechanics Assisted Model Building and Energy
Refinements

Amolecularmechanics conformational searching procedure was
employed to acquire the data required in the statistical mechan-
ics analysis, to obtain differential binding energies of a Polak-
Ribiere algorithm, and to potentially permit application to poly-
mer composite assemblies. MM+ is a HyperChemmodification
and extension of Norman Allinger’s Molecular Mechanics pro-
gram MM2 (20) whereas AMBER is a package of computer
programs for applying molecular mechanics, normal mode anal-
ysis, molecular dynamics and free energy calculations to simulate
the structural and energetic properties of molecules (21).

Molecular mechanics energy relationship (MMER), a meth-
od for analytico-mathematical representation of potential en-
ergy surfaces, was used to provide information about the con-
tributions of valence terms, noncovalent Coulombic terms, and
noncovalent van der Waals interactions for polymer/ polymer
interactions. TheMMERmodel for the potential energy factor
in various molecular complexes can be written as:

Emolecule=complex ¼ V ∑ ¼ V b þ V θ þ V φ þ V ij þ V hb þ V el ð1Þ

Where V∑ is related to total steric energy for an optimized
structure, Vb corresponds to bond stretching contributions
(reference values were assigned to all of the structure’s bond
lengths), V θ denotes bond angle contributions (reference
values were assigned to all of the structure’s bond angles),

Vφ represents torsional contribution arising from deviations
from optimum dihedral angles, V ij incorporates van der
Waals interactions due to non-bonded interatomic distances,
Vhb symbolizes hydrogen-bond energy function, and Vel de-
notes electrostatic energy.

In addition, the total potential energy deviation,
ΔE total, was calculated as the difference between the
total potential energy of the complex system and the
sum of the potential energies of isolated individual mol-
ecules, as follows:

ΔETotal A=Bð Þ ¼ ETotal A=Bð Þ− ETotal Að Þ þ ETotal Bð Þ
� � ð2Þ

The molecular stability can then be estimated by compar-
ing the total potential energies of the isolated versus the
complexed systems. If the total potential energy of the complex
is smaller than the sum of the potential energies of isolated
individual molecules in the same conformation, the complexed
form is more stable and its formation is favored (22).

Rheological Analysis of the Initiator
Polymer-Crosslinker Milieu for Determination
of the Physicomechanical Expression
of the Stimulus-Responsive Behavior

Oscillatory studies are of importance for the evaluation of the
multipolymeric hydrogels (referred to as stimulus-responsive
hydrogel systems, SRHS) forming the matrices to be exposed
to crosslinking agents, as they are anticipated to undergo
macro- or micro-structural rearrangement with time. These
rearrangements directly influence rheological performance,
which in turn could provide the necessary information regard-
ing ‘stimulus-responsive’ transitions in the polymeric compo-
nents of the I3 with time (23).

Preparation of the Precursor Stimulus-Responsive Hydrogel
Systems

For the SRHS forming the intermediate release BPM, a
4%w/v sodium alginate-1% w/v PAA (Carbopol 974)-3%w/v
NHS-0.25%w/v HA-2.5%v/v gluteraldehyde-0.25%w/v cip-
rofloxacin aqueous solution was prepared, instituting
carbodiimide coupling chemistry to increase the interconnec-
tivity of the matrix. DCC (300 mg) was dissolved in ethanol
and dispersed within the polymeric solution. This solution
constituted the outer BPM SRHS (A). Incremental amounts
of the cationic chitosan SRHS (inner BPM) incorporating the
Lipo-CHT-PCL NS (B) was added to the anionic SRHS, and
the rheological transitions ascertained. Additionally incremen-
tal concentrations of an acidified 3%w/v AlCl3 solution (C)
was added to the anionic polymeric composition of certain
samples, thus serving as the initiator solution.

Table I Computational Parameters Used to Construct Aqueous-Phase
Model Building and Simulations

S. No. Parameter Description

1 Periodic box dimensions 15×15×20A°3

2 Cut-offs Switched

3 Dielectric (epsilon) Constant

4 1–4 Scale factors Electrostatic: 0.5

van der Waals: 0.5

5 Outer radius 7.5A°

6 Inner radius 3.5A°

7 Water molecules 149

8 Solvent/Polymer distance 2.3A°
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Oscillatory Studies: Frequency Sweep Tests

The oscillatory studies of the sample hydrogel systems were
carried out employing the Thermo Scientific HAAKEMARS
Rheometer (Thermo Fischer Scientific, Karlsuhe, Germany).
The frequency sweep tests were carried out at the frequency
range of 0.05-1Hz at a temperature of 37°C. Two sample gel
systems were tested, as per the preferred ratio of components
identified during preliminary analysis:

(i) The outer and inner BPM SRHS (A:B) (1 mL: 0.5 mL)
(ii) The system comprising of all three BPM components: the

outer BPM SRHS, the inner BPM SRHS, and the initi-
ator solution (A:B:C) in a ratio of 1 mL: 0.5 mL: 0.1 mL,
respectively.

These two systems (i and ii) in their respective concentra-
tions were used to perform the frequency tests in response to
simulated ocular inflammatory conditions and normal ocular
conditions. Frequency sweep tests were carried out after ex-
posing a set of each of the solutions to normal conditions in
4 mL normal simulated vitreous humor (SVH, comprising
phosphate-buffered saline with 0.03%v/v HA, 37°C,pH 7.4)
and another set to inflammatory conditions in 4 mL SVH
containing 0.05 M Fenton’s reagent (which generated
100 μmol of hydroxyl radicals following combining FeSO4

and 0.1 M H2O2) for a period of 28 days, simulating normal
ocular physiological conditions and ocular inflammatory con-
ditions, respectively. The frequency sweep tests were time
dependent, carried out on days 0, 3, 7, 14, 21 and 28. A second
set of frequency sweep analyses was performed by alternating
the two solutions between normal SVH and Fenton’s Reagent
in SVH in the same above mentioned conditions. Dialysis
tubing cellulose membrane (flat width: 33 mm, diameter:
22 mm, MW: 12400, Sigma-Aldrich®, St. Louis, MO, USA)
was used to encase and expose the respective systems to normal
SVH and Fenton’s Reagent in SVH. All investigations were
conducted in triplicate (n=3).

Characterization of Vibrational Transitions by Fourier
Transform Infrared Spectroscopy

Fourier Transform Infrared Spectroscopy (FTIR) was applied to
the study of the I3, for system exemplification and investigation
of its structured properties e.g. crystallinity and hydrogen bond-
ing. The vibrational molecular transitions of the outer and inner
matrix (comprising the NS incorporated within a crosslinked
chitosan core) in comparison with the native system compo-
nents were characterized for the attainment of important
microstructural information via their FTIR spectra, recorded
on a PerkinElmer® Spectrum 100 Series fitted with a universal
ATR Polarization Accessory (PerkinElmer Ltd., Beaconsfield,
UK). Spectra were recorded over the range 4,000–625 cm−1,
with a resolution of 4 cm−1 and 32 accumulations.

Characterization of Thermal Transitions of the I3

by Advanced Differential Scanning Calorimetry

Knowledge of the glass transition (Tg) is vital in the enhance-
ment of the novel drug delivery device. It is reported that the
modification in Tg of a polymer is dependent on the interac-
tion degree between the componential polymers and the
polymers and drug. An increase in the temperature is sub-
stantially associated with a strong interaction, which is essen-
tially dictated by a fall in the polymer chain mobility—the
nature of the chemical crosslinking interactions are inherent to
defining the success of the proposed implant (24).

Because crosslinking increases the Tg of a polymer follow-
ing the introduction of molecular restrictions, Nielson (25)
averaged the data in the literature to arrive at the following
empirical equation:

T g–T g0 ¼ 3:9� 104
� �

=Mc ð3Þ

Mc is the average molecular weight between crosslinked
points, to be considered with reference to theMw of the native
polymer. Tg0 is the Tg of the uncrosslinked polymer having
the same chemical composition as the crosslinked polymer.

Assessment of the thermal transitions was performed on all
native polymers and drugs and compared with the formed inner
and outer BPMs employing a Temperature Modulated
Differential Scanning Calorimeter (TMDSC) (Mettler Toledo
DSC-1 STARe System, Schwerzenback, ZH, Switzerland).
Normal and temperature-modulated DSC curves were generat-
ed. Thermal events of significance included the glass transition
(Tg), measured as the reversible heat flow due to changes in the
magnitude of the Cp-complex values (ΔCp); and melting (Tm)
and crystallization (Tc) temperature peaks which are conse-
quences of irreversible heat flow corresponding to the total heat
flow. The temperature calibrationwas undertaken in accordance
with the melting transition of indium. Samples were weighed on
perforated 40 μL aluminium pans and evaluated over the tem-
perature range of interest under nitrogen atmosphere (Afrox,
Germiston, Gauteng, South Africa) in order to diminish oxida-
tion. The instrument parameters are highlighted in Table II.

On-Off Inflammation-Responsive In Vitro Drug Release
Capabilities of the I3

Intrinsic to themodus operandi of the I3 was its in vitro drug release
performance with interchanging exposure to and removal of
the mitigating (inflammatory) stimulus. A modified closed-
compartment USP 31 dissolution testing apparatus was used.
Each accurately weighed I3 (for this study, separately loaded
with either indomethacin in the core BPM or ciprofloxacin in
the outer BPM) was alternated between normal conditions (N)
following immersion in 4 mL normal SVH at physiological pH

612 Du Toit et al.



(7.4), or pathological inflammatory conditions (F) in 4 mL SVH
containing 0.05 M Fenton’s reagent (which generated
100 μmol of hydroxyl radicals). This level of hydroxyl radicals
fell within the range of hydroxyl radicals reportedly generated
during pathological inflammatory states (26). The I3 was thus
exposed to alternating normal and inflammatory phases as
highlighted in Table III.

The samples were placed in closed vials and placed in an
oscillating laboratory incubator (Labcon® FSIE-SPO 8–35,
California, USA), set to 20 rpm. At 3, 7, 14, 21 and 28 days,
the respective media was subjected to UV spectrophotometric
analysis before being drained and replaced with new media. All
aliquots withdrawn were subjected to filtration (0.22 μm PVDF,
Millipore Corporation, Bedford, MA, USA) and appropriately
diluted prior to spectrophotometric analysis (Specord 40 UV
spectrophotometer, Analytik Jena AG, Jena, Germany) at the
λmax for indomethacin (318 nm) and ciprofloxacin (278 nm) in
SVH (Note: the UV methodology was evaluated for linearity,
accuracy, precision, reproducibility, and specificity). The com-
ponential polymeric absorbance of the I3, together with the
influence of the Fenton’s reagent on the absorbance readings
at the respective wavelengths were taken into account. All anal-
yses were conducted in triplicate (n=3).

Magnetic Resonance Imaging for Live-Acquisition
of the Inflammation-Responsive Transitions of the I3

Magnetic Resonance Imaging (MRI) has specific application
for its potential to monitor the fate of the dosage form in vivo ,
and attractively, to correlate in vitro with in vivo behavior. For
complex systems comprised of a number of functional poly-
meric excipients, thorough comprehension of the drug release
mechanism is difficult employing cumulative drug release
profiles alone. The kinetics of water ingress into the drug
delivery system has a significant contribution in controlling
drug release from hydrogel matrices (27). Application of MRI
to the long-term hydrational behavior of a complex polymeric
system is a largely unexplored aspect. This investigation sought
to gain further insight into the extent of water ingress into the I3

over a prolonged period, as well as ascertaining the opposing
intricacies of water uptake under normal versus pathological
conditions. MRI was thus used in this study to probe the
movement of water within the I3 on exposure to and removal
of the inflammatory stimulus.

A magnetic resonance system with digital MARAN-i
System configured with a DRX2 HF Spectrometer console
(Oxford Instruments Magnetic Resonance, Oxon, UK)
equipped with a compact 0.5 Tesla permanent magnet stabi-
lized at 37°C and a dissolution flow through cell was
employed for the viewing of the hydrational morphological
transitions of the I3. Following configuration, shim optimiza-
tion and probe tuning, the cone-like lower part of the cell was
filled with glass beads to provide laminar flow at 16 mL/min
of the solvents employed. The implant matrices were placed in
position each time following dissolution analysis (described
below) within the cell which in turn was positioned in a
magnetic bore of the system and MR images were acquired
every 3 min with MARAN-i version 1.0 software. Image
acquisition was achieved following setting of the frequency
offset and testing gain employing RINMR version 5.7 under
continuous solvent flow conditions. MARAN-i software com-
prises image acquisition software and image analysis software.
The image acquisition parameters are depicted in Table IV.

The I3 was exposed to SVH and another to SVH and
Fenton’s Reagent for a period of 28 days (n=3). The MR
images were taken on days 0, 3, 7, 14, 21 and 28 in order to
visually determine implant hydration. In a further investiga-
tion, the I3 was alternated between SVH and Fenton’s reagent
at days 0, 3, 7, 14, 21 and 28; following exposure to conditions
as described in the in vitro drug release study above (Table III).
Image acquisition was performed in triplicate at each time
point (n=3). The gelled intensity and change in area of the I3

was ascertained for each time point.
MRI was undertaken concurrently with in vitro drug release

evaluations in an effort to correlate the drug release behavior
with the observed changes in the implant appearance and
hydration state on exposure to and removal of the inflammatory

Table II TMDSC Settings for Thermal Analysis

Segment Type Parameter Setting

SINEa

Start 0°C

Heating rate 1°C/min

Amplitude 0.8°C

Period 0.8°C

LOOPb

To segment 1

Increment 0.8°C

End ≥200°C (varies with the polymer)

a Sinusoidal Oscillations
bOscillation periods

Table III Exposure Conditions for Assessment of the On-Off Inflammation-
Responsive Capabilities of the Optimum Formulation

Time period Condition Media

Day 0–3 Normal SVH

Day 3–7 Inflammatory SVH + Fenton’s reagent

Day 7–14 Normal SVH

Day 14–21 Inflammatory SVH + Fenton’s reagent

Day 21–28 Normal SVH
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stimulus. Thus, analysis of all corresponding dissolution samples
via UV spectroscopy was performed, as described (n=3).

Morphological Characterization and Image Processing
Analysis of Erosional Behavior of the I3

In order to describe the inflammation-responsive morpholog-
ical transitions of the device, the I3 was exposed to normal and
inflammatory conditions over 28, 56 and 72 days and transi-
tions in surface architecture visualized via scanning electron
microscopy (SEM). The implants were coated using the SPL
module-Sputter Coater (Toronto, Canada). The sample im-
plants were attached to the spud using carbon paper and were
left in the SPL module-Sputter Coater for 120 s to ensure
generously coated surfaces. The SEM images were taken with
the objective of comparing surface changes related to the bio-
erosion mechanism of the device when exposed to normal
versus inflammatory conditions, using the Phenom G2 Pro
SEM (Germany).

To enhance characterization of the microscopic images,
image analysis was undertaken employing intricate mathe-
matical software (Mathematica® v. 8.0, Wolfram Research
Inc., Champaign, IL, USA) in accordance with an approach
previously developed (28). For the erosional images acquired
via SEM, image processing was performed on sixteen-bit
greyscale images obtained by SEM of the inner and outer
BPMs of the I3. These images were low in contrast due to the
effects of uneven illumination across the field of view.
Thresholding of crude images was unable to capture all of
the required details; therefore intermediate image-processing
steps were employed to even out the background and increase
contrast between the solid polymeric architecture, deep pores,
and pores at the surface of the structure. Images in TIFF
format were imported and converted to Mathematica™ 8.0
format.

The first processing step, blurring the image, provided a
distorted version of the image making it unfocused, which can

be obtained by convolving the image with a low pass filter. For
this investigation, the quantity of blurring is increased by
increasing the pixel radius (r) to 15 without compromising
image detail. This was achieved in Mathematica™ 8.0 by
applying a custom blurring function (Eq. 4, where ‘Image’
refers to the applicable SEM image file):

Blur ‘Image’; 15½ � ð4Þ

After blurring the image, the next step was to ColorQuantize
the blurred image at 5 which provided an approximation to
an image that uses only 5 distinct colors. This was achieved in
Mathematica™ 8.0 by applying a custom ColorQuantize
function:

ColorQuantize ‘Image’; 5½ � ð5Þ

The third step consisted of analyzing the images by plotting
a histogram. Histograms of both the unmodified SEM and
well as the color quantized image were plotted in order to
exemplify the extent of refinement provided by the image
manipulation, for assisting description of the overall implant
architecture. This default function plots a histogram of the
pixel levels for each channel in the image, which was repre-
sented as ‘voxel intensity’, where a voxel is a ‘volumetric pixel’,
carrying the same color-intensity properties as pixels, plus the
additional important property of transparency. Furthermore,
separate histograms for each color channel were constructed.
This was achieved in Mathematica™ 8.0 by applying the
custom ImageHistogram functions for default and separated
algorithms as displayed in Eq. 6:

ImageHistogram ‘Image’;Appearance→“Transparent”½ � ð6Þ

An analysis of the histogram was essential for the best
choice of the threshold for discriminating between different
morphological features seen in the SEM of the eroding I3.

In Vivo Analysis of the Inflammation-Responsive
Behavior of the I3 in the Rabbit Eye

Ethics clearance for the ensuing in vivo investigation was
obtained from the Animal ethics Committee of the University
of the Witwatersrand, Ethics Clearance No. 2009/02/05.

In Vivo Design and Surgical Technique in the Healthy Rabbit Eye

In order to obtain preliminary 7 day ocular levels of both
indomethacin and ciprofloxacin, ten New Zealand Albino
rabbits (free of any signs of ocular inflammation or gross

Table IV Image Acquisition Parameters Applied DuringMagnetic Resonance
Imaging Employing the MARAN-i

S. No. Parameter Value

1. Imaging protocol FSHEF

2. Requested gain (%) 4.17

3. Signal strength 68.92

4. Average 2

5. Matrix size 128

6. Repetition time (ms) 1000.00

7. Spin Echo Tau (ms) 6.80

8. Image acquired after 60 min

9. Total scans 64
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abnormality) were used, randomly assigned to the experimen-
tal (5 rabbits) and control (5 rabbits) groups. A placebo (drug-
free) device was implanted into one eye of the control group
and the drug-loaded implant into one eye of the experimental
group. The minimum animal sample size for testing was
ascertained from the specifications of the Animal ethics
Committee of the University of the Witwatersrand for statis-
tical significance (i.e. n=5 for each sample point).

All procedures were in accordance with the Association for
Research in Vision and Ophthalmology (ARVO) Statement
for the Use of Animals in Ophthalmic and Vision Research.
Animals were housed at room temperature with a 12-h light/
dark cycle (light from 6 am to 6 pm), and were fed a standard
rabbit diet with water available ad libitum . Following induction
of general anesthesia via intramuscular administration of ke-
tamine HCl, 40 mg/kg (a dissociative anesthetic) and xylazine
HCl, 10 mg/kg (a sedative, anesthetic, muscle relaxant, and
analgesic) and local anesthesia via instillation of tetracaine
HCl 0.5%w/w (topical anaesthetic), the operative eye was
prepared in a sterile manner and a wire lid speculum inserted.
Sub-Tenon implantation was preferentially identified for de-
vice placement following pilot studies. A small peritomy was
created supero-temporally and a tunnel made into the sub-
Tenon space extending as far posterior as possible. The device
was grasped with a blunt forceps and pushed into the sub-
Tenon pocket such that the anterior edge of the device was at
least 10 mm back from the limbus. The device was left
between superior and lateral rectus muscles and no additional
securing was required. The conjunctiva and Tenon’s capsule
were pulled over to cover the device completely and secured
at the limbus with a single 9–0 Nylon suture with the knot
buried. Chloramphenicol ointment 1%w/w was instilled into
each eye after surgery for the prevention of surface ocular
infections of the conjunctiva and/ or cornea. Recovery and
post-surgical care was initiated and visual assessment was
conducted daily with the rabbits observed for any untoward
changes (e.g. retinal detachment and intravitreal hemorrhage)
which would warrant termination of the study.

On day 7, all animals were euthanized with an overdose of
IV sodium pentobarbitone (>50 mg/kg, ~2 mL) at each sam-
pling point with consequent enucleation. The central vitreous
humor (approximately 2 mL) from the enucleated eye was
aspirated employing a 15″ needle (hyalocentesis). Therefter,
the adherent muscle tissue was removed from the eye and the
anterior segment of the eye was removed with a circumferential
cut behind the limbus. The remaining orbital tissues were
stored with the vitreous samples to enable measurement of
drug (not yet internalized for intracellular mechanisms) in the
choroid (posterior component of uvea), and retinal pigment
epithelium (RPE) tissues. The tissues and vitreous were im-
mediately snap-frozen at −80°C in an ultra-low freezer
(Sanyo VIP™ Series, Sanyo North America Corporation,
Wood Dale, IL, USA).

In Vivo Design and Surgical Technique in the Inflamed Rabbit Eye

In order to detect the inflammation-responsive behavior of the I3

in vivo , drug release investigations were pursued in the inflamed
rabbit eye. Intraocular injection of lipopolysaccharide (LPS) for
induction of ocular inflammation as an acute endotoxin-induced
uveitis (EIU) in the right eye of the rabbit was thus performed
(29), i.e. one eye was exposed to the inflammatory stimulus. Ten
NewZealandAlbino rabbits were used, assigned to experimental
(5 rabbits) and control (5 rabbits) (n=5 at the sampling point on
day 7). Device implantation in the control and experimental
groups was on day 0, as described for the normal rabbit eye.
On day 3, intraocular inflammation was induced via intravitreal
injection (100 μL) of Salmonella typhimurium LPS (100–200 ng/
10 μL of phosphate-buffered saline) into one eye. The diluted
LPS was injected intravitreally at the pars plana 2.0 mm poste-
rior to the limbus using a needle, taking care to avoid injury to
the lens, following general anesthesia as described. All rabbits
were euthanized on day 7 with sodium pentobarbitone, the
implant removed, and the central vitreous humor (≈2 mL) from
the enucleated eye was aspirated with a needle, and the ocular
tissues stored as described for the normal rabbit eye. The results
of the investigations from both normal and inflamed groups
would allow ascertainment of the purported differences in drug
release behavior in the healthy versus the inflamed rabbit eye for
ultimate description of the clinical potential of the I3.

Determination of the Erosional Behavior of the I3 in the Normal
and Inflamed Rabbit Eye

The dynamic weight change of the drug-loaded device before
implantation and following removal from the euthanized rabbit
at 7 days was assessed in the normal and inflamed rabbit eye.
Following removal of the I3 from the eye, it was allowed to dry
under normal conditions to constant weight. The following
empirical relationship was used to demonstrate the overall gravi-
metric transition of the I3 from 100% to 0% initial weight:

I 3erosion %ð Þ ¼ initial weight−final weight
initial weight

� �
� 100 ð7Þ

The initial and final weights represent the pre-implantation
and dried post-implantation weights of the I3, respectively.
Measurements were undertaken in quintuplicate (n=5).

Quantification of In Vivo Anti-Inflammatory and Antibiotic
Concentrations Released from the I3 into the Posterior Segment
of the Rabbit Eye Model under Normal and Inflammatory
Conditions

A method was required for simultaneous detection of cipro-
floxacin and indomethacin in rabbit posterior ocular fluid. An
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ultraperformance liquid chromatographic (UPLC) method
was developed employing a Waters® ACQUITY™LC sys-
tem (Waters®, Milford, MA, USA) coupled with a photodi-
ode array detector (PDA), and Empower® Pro Software
(Waters®, Milford, MA, USA). The UPLC was fitted with
an Aquity UPLC® Bridged ethyl Hybrid (BEH) Shield RP18
column, with a pore size of 1.7 μm. A gradient method with a
run time of 4 min was developed using acetonitrile and
0.1%v/v formic acid in double deionized water as the mobile
phase (Table V). UPLC analysis reveals new information
about the samples under investigation and reduces the risk
of non-detection of potentially important co-eluting analytes.

A solvent flow rate of 0.25 mL/min was maintained with
an average initial pressure of 6,500 psi. The extracted and
pre-filtered samples (0.2–1.0 μL) were injected onto the col-
umn. The column and sample manager temperature was
maintained at 21±0.5°C. Prior to use, the column was equil-
ibrated by passing 45 mL of mobile phase solvent through the
system. The eluent was monitored at analytical wavelengths
set at 254, 278 and 318 nm and the entire assay procedure was
performed at room temperature (21±0.5°C).

Nicotinic acid was identified via preliminary screening assays
as an appropriate internal standard for both indomethacin and
ciprofloxacin, being separated employing the mobile phase sys-
tem instituted, and possessing an isolated retention time for
sound analysis of peak areas. A standard linear curve was gener-
ated, as subsequently described to assess the respective drug
concentrations released from the device at various time points.

Preparation of Calibration Standards

In order to prepare the blank rabbit vitreous humor-posterior
segment tissue dissolutes sample, a sample eye in which a no I3

was implanted was employed. Rather than homogenize the
posterior segment tissues together with the vitreous (as has been
previously undertaken in certain investigations such as those of
Cheruvu et al. (30)) the posterior segment tissues (inclusive of
choroid and RPE) together with the associated 2 mL vitreous
were prepared as follows to extract the drugs: the stored and
frozen blank samples were thawed at room temperature (21±
0.5°C) and allowed to environmentally equilibrate, followed by
centrifugation at 15,000×g for 10 min. Centrifugation was re-
peated twice in order to release any drug present in the tissues

(which would be absent in the unimplanted eye). The superna-
tant was isolated and henceforth referred to as the total posterior
ocular fluid (TPOF). Stock solutions of indomethacin and cipro-
floxacin were prepared (0.2 mg/mL) and diluted further with
deionized water to prepare spiking solutions with indomethacin
and ciprofloxacin concentrations ranging between 0.02 and
0.1 mg/mL. To prepare the calibration standards used for
generating a standard curve of indomethacin and ciprofloxacin
in TPOF and for method validation, 50 μL aliquots of both
indomethacin and ciprofloxacin spiking solutions and the internal
standard solution of nicotinic acid (100 μL; initial concentration
of 0.2 mg/mL) were added to inert polypropylene tubes, each
tube contained a 200 μL aliquot of blank rabbit TPOF previ-
ously thawed and centrifuged at 15,000×g for 10 min. A liquid-
liquid phase extraction methodology was used for the extraction
of all drugs added from the blank rabbit TPOF to prepare a
calibration profile. To each calibration standard, 300 μL of
acetonitrile was added. The tubes were then capped, vortexed
(Vortex-Genie 2; Scientific Industries Inc., Bohemia, New York)
for 15 s and centrifuged (Optima R LE- 80 K, Beckman Coulter
Inc., Fullerton, California) at 15,000×g for 10 min. Aliquots
(300 μL) of the supernatants were filtered through a 0.22 μm
Millipore® filter and transferred to UPLC injection vials.
Thereafter, 0.2 μL of the filtered solution was injected onto the
UPLC column for simultaneous indomethacin and ciprofloxacin
content analysis. The ratio of the peak areas (between the internal
standard nicotinic acid, and indomethacin and ciprofloxacin)
versus the concentration data for the calibration standards was
fit by linear regression to generate the calibration curves. This
procedure generated a set of five calibration standards with
concentrations ranging from 0.109645 to 0.520813 μg/mL of
indomethacin/ ciprofloxacin in rabbit TPOF. The five calibra-
tion standards were used to construct a standard linear curve and
additional calibration standards were prepared and analyzed for
validation runs for precision and accuracy analysis of the assay
method (n=3). Accuracy was assessed by evaluation of mean
recovery, defined as the ratio of mean found concentration to
nominal concentration, expressed as a percentage. Recovery of
both drugs during the extraction procedures in the TPOF sam-
ples was thus assessed by replicate analysis (n=3) of the lower and
upper concentration limits of the calibration standards and com-
pared to those obtained by injection of aqueous solutions of
indomethacin and ciprofloxacin prepared at the same concen-
trations corresponding to the standards. Both extracted calibra-
tion standards and the aqueous samples were injected onto the
UPLC column employing the same chromatographic conditions
as in the assay method developed.

Extraction of Indomethacin and Ciprofloxacin from the Aspirated
Vitreous Fluid and Posterior Segment Tissue Samples

The stored and frozen study samples were thawed at room
temperature (21±0.5°C) and allowed to environmentally

Table V Gradient Method for the Separation of Indomethacin and Cipro-
floxacin Indicating Mobile Phase Concentrations at Flow Rates at Each Time
Point Over the 3 Min Run Time

Time (min) Flow rate (mL/min) 0.1%v/v Formic acid solution Acetonitrile

Initial 0.5 85 15

1.00 0.5 20 80

3.00 0.5 85 15
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equilibrate, followed by centrifugation at 15,000×g for
10 min. Centrifugation was repeated twice in order to release
any drug present in the tissues. The supernatant was isolated,
representing the TPOF and total drug. The sample biological
matrix was replicated in the matrix employed for the cali-
bration standards. Aliquots (200 μL) of the TPOF samples
were transferred using a graded microsyringe (0.5 μL)
[Hamilton (Pty) Ltd., Bonaduz, GR, Switzerland] into poly-
propylene tubes. The internal standard in deionized water
(nicotinic acid; 0.2 mg/mL; 100 μL) was added to each
tube, and the tubes were vortexed for 15 s. The same
procedure used for the extraction of the calibration
standards (with the addition of 300 μL acetonitrile),
and UPLC injection of calibration standards, were ap-
plied to the diluted TPOF samples for simultaneous
measurement of indomethacin and ciprofloxacin con-
tent. Measurements were conducted in triplicate (n=3).

Histomorphological Analysis for Assessment of the Degree
of Ocular Inflammation Following Implantation of the I3

in the Normal and Inflamed Rabbit Eye

Concurrently with drug release studies, an additional
group of rabbits were exposed to the same surgical
procedures as described for the in vivo implantation
studies, depending on their assigned group, with eutha-
nasia and enucleation at day 7, but no collection of
TPOF samples. Rabbits were assigned to the following
groups (n=3 for each group):

& Control (no inflammation induction and no I3 implantation)
& LPS Injection (no I3 implantation)
& Drug-free I3—normal eye
& Drug-loaded I3—normal eye
& Drug-free I3—inflamed eye
& Drug-loaded I3—inflamed eye

The enucleated eyeballs (fixed in 10%v/v formalin) were
sent to IDEXX laboratories (Pretoria, South Africa) and were
sectioned along the sagittal axis close to the optic nerve at three
different levels. The sections were processed overnight in an
automated tissue processor according to their standard operat-
ing procedure (PTA-his-SOP-27). Following the routine histo-
logical processing, wax blocks were produced in paraffin wax
and sections of approximately 6 μm cut according to IDEXX
SOPs (PTA-his-SOP-30). The slides were stained with hema-
toxylin and eosin according to the IDEXX SOPs (PTA-his-
SOP-49).

Cellular infiltration (degree of infiltration by lympho-
cytes, plasma cells, and mononuclear and polymorpho-
nuclear leukocytes) was graded from 0 to 3+ in accordance
with IDEXX laboratory protocols, as instituted in related
investigations (31).

RESULTS

Molecular Modeling Simulations for Prediction
of Pertinent Interactions between the I3 and Normal
or Inflammatory Ocular Milieu

The polymeric system comprising the outer BPM (modeled as bi-
and tripolymeric complexes) were modeled in the presence of a
solvated system with water as the solvent at room temperature.
The dimensions of the periodic box were maintained and hence
the number of water molecules per molecular system was con-
stant. The final optimized solvated architectures for the
bipolymeric architectures were destabilized as compared to the
monopolymeric (individual) molecules under similar conditions
(Eqs. 8–13). The final optimized static energy for the tripolymeric
ALG-PAA-HA-H2O was much lower than either of the individ-
ual polymers: ALG-H2O; PAA-H2O; or HA-H2O (Eqs. 8, 9, 10
and 14) and the bipolymeric molecular complexes: ALG-PAA-
H2O; PAA-HA-H2O; or PAA-HA-H2O (Eqs. 11–14) (Fig. 1a).

EALG−H2O ¼ −4182:155V ∑ ¼ 47:936V b þ 73:647V θþ51:075V φ

þ 82:174V ij−16:299V hb−4420:69V el ð8Þ

EHA−H2O ¼ −4154:776V ∑ ¼ 49:986V b þ 84:461V θ þ 79:982V φ

þ 88:341V ij−14:607V hb−4442:94V el ð9Þ

EPAA−H2O ¼ −3705:359V ∑ ¼ 38:304V b þ 43:612V θ þ 8:100V φ

þ 78:321V ij−4:155V hb−3869:54V el ð10Þ

EALG−PAA−H2O ¼ −3826:993V ∑ ¼ 43:983V b þ 73:445V θ þ 74:001V φ

þ 88:212V ij−33:950V hb−4072:68V el ð11Þ

EALG−HA−H2O ¼ −3882:668V ∑ ¼ 49:303V b þ 121:86V θ þ 104:302V φ

þ 81:720V ij−40:815V hb−4199:04V el ð12Þ

EPAA−HA−H2O ¼ −3675:562V ∑ ¼ 41:485V b þ 75:155V θ þ 60:084V φ

þ 60:355V ij−26:229V hb−3886:41V el ð13Þ

EALG−PAA−HA−H2O ¼ −4592:788V ∑ ¼ 59:645V b þ 134:86V θ

þ 150:876V φ þ 96:631V ij−49:856V hb

−4984:94V el ð14Þ

This substantial decrease in energy values for the
tripolymeric structure is evidenced by all the non-bonding
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energy contributing towards the structural stabilization, with
enhanced H-bonding and electrostatic interactions. This sup-
ports the institution of the tripolymeric system for forming a
well-complexed outer BPM.

The OH.-mediated stimuli-responsive behavior of the
outer BPM is presented in Fig. 1b and c. The MMER
analysis confirmed the interaction potential of the OH.

with polysaccharides accounting for stabilized binding
energies of −3383.307 kcal/mol (Eqs. 9 and 15)
and −2541.329 kcal/mol (Eqs. 14 and 16) for HA and
ALG-PAA-HA molecular complexes, respectively.

EHA−H2O−OH ¼ −7538:083V ∑ ¼ 86:210V b þ 125:944V θ

þ 85:995V φ þ 207:547V ij−12:752V hb

−8031:03V el ð15Þ

EALG−PAA−HA−H2O−OH ¼ −7044:117V ∑ ¼ 96:147V b þ 215:22V θ

þ 157:456V φ þ 290:264V ij

−52:878V hb−7750:33V el ð16Þ

Oscillatory Studies: Frequency Sweep Tests

Oscillatory studies were undertaken for characterization of the
effect of macro- and micro-structural rearrangements on rheo-
logical performance with the initiation of crosslinking within the
inner and outer SRHS forming the I3, and on their exposure to
and following the removal of the inflammatory stimulus. The
SRHS for the outer and inner BPM are represented by A and B,
respectively, whereas C represents the initiator solution of AlCl3.
Results are reported in terms of the average loss tangent (Fig. 2),
where the loss tangent is the tangent of the phase angle—the
ratio of viscous modulus to elastic modulus and a useful quanti-
fier of the presence and extent of elasticity in a fluid, as per
Eq. 17. With a tan δ value of 1, the elastic (solid-like) and viscous
(liquid-like) properties of the material are equal. The smaller the
loss tangent is, the more elastic the material. Tan δ is often the
most sensitive indicator of various molecular motions within the
material. In general, the smaller the tan δ (or the greater G’ ), the
stronger is the interaction.

tan δ ¼ G 00=G 0 ð17Þ

Figure 2a depicts that both A:B and A:B:C displayed
a progressive increase in the loss tangent, with the loss
tangent exceeding 1 after only 3 days for A:B:C, thus
liquid-like characteristics were observed and prevailed
for the precursor BPM solutions, specifically where
crosslinking was initiated, when exposed to inflammato-
ry conditions.

Both A:B and A:B:C exhibited stimulus-responsive rheo-
logical behavior on exposure to and removal of the inflam-
matory environment. The average loss tangent was highest
when exposed to Fenton’s reagent on day 7, specifically for
A:B:C, with liquid-like characteristics predominating (Fig. 2b).

Fig. 1 (a ) Visualization of the geometrical preference of the tripolymeric
complex consisting of alginate (yellow ), polyacrylic acid (red), and hyaluronic
acid (white ) after molecular simulation in a solvated system consisting of water
molecules (blue molecules ). (b ) Visualization of geometrical preference of
hyaluronic acid (white tubes ) and hydroxyl ions (red balls). (c ) Visualization
of geometrical preference of tripolymeric complex consisting of alginate
(yellow ), polyacrylic acid (red ), and hyaluronic acid (white ) in response to
addition of hydroxyl ions (purple balls) after molecular simulation in a solvated
system consisting of water molecules (blue molecules).
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Characterization of Vibrational Transitions by Fourier
Transform Infrared Spectroscopy

Chemical Transitions of the Inner and Outer BPM, and BPM
Interface

The observed chemical transitions for the outer BPM poly-
mers, outer BPM, and inner BPM generated via FTIR analysis
are compared in Fig. 3a and elaborated for the outer BPM in
Fig. 3b. The final crosslinked BPMs showed the presence of
bands characteristic to all its components, with a reduction in
intensity of selected bands and the appearance of new bands,
attributable to the intra- and intermolecular crosslinking initi-
ated in the presence of the chemical crosslinkers and initiators,
namely DCC and NHS in the outer core, and gluteraldehyde
in the inner core, all of which migrate throughout the device
during its formation. Summative bond designations are pro-
posed in Table VI.

Thermal Analysis of the I3

Characterization and comparison of pertinent thermal transi-
tions, such as the Tg, of the native polymers and drugs, and the
formed inner and outer BPMs was undertaken via TMDSC, as
described under the “Materials and Methods”, in order to
define the degree of crosslinking within the I3. The shift in the
Tg of the inner and outer BPMs of the I3, compared to the
native polymers, as well as the corresponding predicted molec-
ular weight between crosslinks, is provided in Table VII. The
observed overall shift in the Tg of the I3 compared to the

unmodified polymers is predictive of a low molecular weight
between crosslinks for the device.

On-Off Inflammation-Responsive Drug Release
Capabilities of the Optimum Formulation

The I3 formulation displayed adequate responsive capabilities
on exposure to and removal of the inflammatory stimulus in
terms of drug release, as exemplified in Fig. 4. A notably
higher degree of drug release was achieved when implants
were exposed to pathological conditions (hydroxyl radicals
generated by Fenton’s reaction). Ciprofloxacin was released
to a greater extent due to its presence in the outer BPM, which
is anticipated to erode at a faster rate, as well as its non-
incorporation in a nano-carrier.

Magnetic Resonance Imaging for Live-Acquisition
of the Inflammation-Responsive Transitions of the I3

The approach of Tajiri et al . (27), which has been applied to
hydrogel matrix tablets, was adapted to differentiate gelled
(extensively hydrated) and non-gelled regions of the I3 and the
changes in hydration with time and on exposure to normal
and inflammatory dissolution media. In each image, a lower
degree of hydration or gelling of the I3 is visualized as lower
intensity, darker areas, whereas more extensive hydration or
gelling of the implant possess an appearance falling towards
the white side of the intensity scale (Fig. 4a). The high-intensity
areas of the hydrogels in MRI images (white part) possess a
smaller relaxation time (T1) than bulk dissolution media (gray

Fig. 2 (a ) Frequency sweep results in constant normal or pathological media for the precursor SRHS combinations with associated regression curves (RC); (b )
Frequency sweep results in alternating normal vs. pathological media for the precursor SRHS combinations. Note: The outer BPM SRHS is represented by A , the
inner SRHS by B , and the initiator solution by C . A:B (outer: inner BPM SRHS)=1mL: 0.5 mL; A:B:C (outer BPM: inner BPM: initiator solution)=1mL: 0.5 mL:
0.1 mL. N normal conditions in SVH, F pathological conditions with Fenton’s reagent in SVH.

Bioresponsive Behavior of an Intelligent Intraocular Implant 619



Fig. 3 (a ) Comparative FTIR spectra of the native polymers, inner BPM, and outer BPM (b ) Expansive FTIR spectrum of the crosslinked outer BPM.
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region) due to the hydrogen bonds between the essentially
hydrophilic polymers comprising the I3 and water (27). The
image of the I3, which had not been exposed to dissolution
media, is visualized in Fig. 5a. The MRI 1H NMR images of
the I3 at subsequent stages of the dissolution test as visualized
in the flow-through apparatus under normal, inflammatory
and fluctuating conditions, are represented in Fig. 5b–d.
Images highlight the enhanced hydration (with corresponding
limited drug release) of the device under normal conditions,
yet limited hydration (with erosion of the I3 and comparatively
enhanced drug release) under inflammatory conditions, ex-
emplifying the stimulus-responsive behavior of the device.

Morphological Characterization and Image Processing
Analysis of Erosional Behavior of the I3

Image analysis was undertaken using mathematical software
(Mathematica® v. 8.0, Wolfram Research Inc., Champaign,
IL, USA) employing intermediate image-processing steps for
enhancing image contrast (28), in order to describe the overall
architecture and changes in morphological attributes of the
inner and outer BPM following exposure to normal and in-
flammatory conditions. Through analysis of the image histo-
grams generated, differences in transitions in morphological
features on erosion of the device on exposure to normal and
pathological dissolution media after 72 days, captured via SEM
(raw images are depicted in Fig. 6), could be discriminated.

Figure 7a for the erosion of the outer BPM under normal
conditions shows a tetramodal distribution of peaks with four
peaks at voxel intensities of ~25, 85, 160 and 200. For the
erosion of the outer BPM on exposure to inflammatory condi-
tions (Fig. 7b), a tetramodal distribution of peaks with voxel
intensities at ~25, 70, 100, 150 was observed

Analysis of the erosion of the inner BPM under normal
conditions revealed a pentamodal distribution at 20, 95, 170,
220 and 245 (Fig. 8a). For analysis of the erosional behaviour
of the inner BPM under inflammatory conditions, a
pentamodal distribution of peaks at ~27.5, 90, 110, 150 and
205 was apparent (Fig. 8b).

Quantification of the In Vivo I3 Erosion and In Vivo Anti-
Inflammatory and Antibiotic Concentrations Released
from the I3 into the Total Posterior Ocular Fluids
of the Rabbit EyeModelUnderNormal and Inflammatory
Conditions

The gradient method employed proved successful for simulta-
neous detection of ciprofloxacin and indomethacin in rabbit
posterior ocular fluid. Chromatographic analysis via UPLC
revealed three separated and defined peaks at 318 nm at the
respective retention times of 0.515 (nicotinic acid), 0.820
(ciprofloxacin), and 1.620 (indomethacin) minutes, in order of
increasing lipophilicity (as the solvent program shifts towards a
greater ACN ratio). Absolute recovery of indomethacin and

Table VI Bond Designations for the Outer Crosslinked BPM

Bond Type of bond Specific type of bond Absorption peak Appearance

C-H Alkyl Methyl 2930-2960 cm−1 medium to strong

C=O carboxylic acids/derivates saturated carboxylic acids 1710 cm−1

carboxylic acids/derivates
alcohols, phenols
carboxylic acids
primary amines

Amides 1650 cm−1

carboxylates (salts) 1550-1610 cm−1

amino acid zwitterions 1550-1610 cm−1 Broad

high concentration Strong

3200-3400 cm−1 multiple broad peaks

amino acid zwitterions 1560-1640 cm−1

O-H secondary amines ammonium ions Any 2400-3200 cm−1 Medium

Alcohols Tertiary
Any

1150-1200 cm−1

1200 cm−1

N-H primary amines
phenols

Tertiary
Any
aliphatic
aromatic

1120 cm−1

1220-1260 cm−1 two bands (distinct from ketones, which
do not possess a C-O bond)

Ethers Any 1250-1300 cm−1 often overlapped

ammonium ions Any 1100-1300 cm−1 similar conjugation effects to C=O

C-O carboxylic acids
esters
aliphatic amines

Any 1020-1220 cm−1

Any 1615-1700 cm−1
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ciprofloxacin from the TPOF samples by the liquid-liquid phase
extraction process employed was performed by comparison of
peak areas from extracted low and high calibration standards to
those from aqueous standards. The recovery of both indometh-
acin and ciprofloxacin obtained during the extraction procedure
spiked into blank TPOF samples from the non-test rabbit eyes
ranged from 92.8 ot 97.4% for indomethacin and 95.4–101.6%
for ciprofloxacin, indicating acceptable methodological condi-
tions for evaluation of drug concentrations in the TPOF of the
rabbit eye model. Calibration curves generated for both indo-
methacin and ciprofloxacin were satisfactory.

Following sub-Tenon implantation of the drug-free and drug-
loaded I3 in two groups of 10 rabbits (n=5), intraocular inflam-
mation was successfully induced in the inflamed rabbit eye group
via intravitreal injection of Salmonella typhimurium LPS into the I3-
implanted eye. On day 7, all rabbits were euthanized, the
implanted eye was enucleated with removal of the device, and
the central vitreous humor aspirated and stored with the isolated

orbital tissues for subsequent analysis of the TPOF. The seven-
day ocular levels of both indomethacin and ciprofloxacin were
then measured. Figure 9a highlights the removal of the I3,
which was isolated intact at day 7 from both the normal and
inflamed rabbit eye, prior to enucleation for vitreous and
tissue sampling. There was enhanced release of both drugs
in the inflamed rabbit eye even after 7 days, with indometh-
acin levels of 0.749±0.126 μg/mL and 1.168±0.186 μg/mL,
and ciprofloxacin levels of 1.181±0.150 μg/mL and 6.653±
0.605 μg/mL being attained in the normal and inflamed eye,
respectively (Fig. 9b). Furthermore, the enhanced erosion of
the I3 in the inflamed eye is also exemplified (Fig. 9b), with the
I3 eroding 1.504±0.505% in the normal eye and 22.609±
2.421% in the inflamed eye after 7 days.

Histomorphological Analysis for Assessment
of the Degree of Ocular Inflammation Following
Implantation of the I3 in the Normal and Inflamed
Rabbit Eye

Histomorphological evaluation of the ocular milieu, the I3 bio-
compatibility and biodegradability, and associated degree of
inflammation was undertaken on all representative samples.
Table VIII and the associated Fig. 10 (at magnifications which
were the best representation for that section) exemplifies the
levels of anterior and posterior inflammation present in the
control rabbit eye (where no inflammation was induced or
implant inserted), following of induction of inflammation, and
following implantation of the drug-free and drug-loaded I3 in the
normal and inflamed rabbit eye. Histological assessment of cel-
lular infiltrates revealed that the degree of posterior inflammation
in the inflamed rabbit eye in which the drug-loaded I3 was
implanted was notably less (1+ grading) than that observed in
the inflamed eye receiving a drug-free device (3+ grading),
indicating a corresponding positive physiological response to
the enhanced drug levels observed in the inflamed rabbit eye.

DISCUSSION

Molecular Modeling Simulations for Prediction
of Pertinent Interactions between the I3 and Normal
or Inflammatory Milieu

As indicated under the “Results” of the in silico modeling
undertaken (Eqs. 8–13), the final optimized solvated architec-
tures for the bipolymeric architectures were destabilized as
compared to the monopolymeric (individual) molecules under
similar conditions. This structural destabilization may lead to
dislodgement of individual polymers from the bipolymeric
complex in order to stay as stabilized as the monopolymeric
form in the solvated system. This very tendency of the poly-
mers to stay in their original conformation rather than in

Fig. 4 Drug release profiles signifying the on-off inflammation-responsive
capabilities of the optimum formulation. N normal conditions in SVH, F
pathological conditions with Fenton’s reagent in SVH.

Table VII Thermodynamically-Derived Data for the I3 (As the Inner and
Outer BPM) Compared to the Native Polymeric Components

Relational Polymer Tg-Tg0/ Tg (%) Mc (gmol−1) Difference in ΔH (Jg−1)

Outer BPMa

ALG 95.74 407.35 101

HA 109.25 356.98 35.75

PAA 43.84 889.60 50.58

Inner BPMb

Chitosan 9.65 4041.45 −35.59

a Compared to outer BPM thermal data
b Compared to inner BPM thermal data
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Fig. 5 (a ) MRI of the I3 at day 0
and the intensity scale highlighting
gelled and non-gelled areas; (b )
Graphical depiction and associated
MRIs exemplifying hydration
transitions of the I3 over 28 days in
normal SVH; (c ) Graphical
depiction and associated MRIs
exemplifying hydration transitions of
the I3 over 28 days in Fenton’s
Reagent in SVH; and (d ) Graphical
depiction and associated MRIs
exemplifying hydration transitions of
the I3 over 28 days in alternating
media.
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complex form might lead to the separation of the polymers
after implantation, hence affecting the performance of the
polymeric system. Interestingly, the tripolymeric system dem-
onstrated a substantial decrease in energy values with all the
non-bonding energy components working towards the struc-
tural stabilization (Eq. 14). This minimization was rendered
due to enhanced H-bonding (Fig. 1a) and electrostatic inter-
actions which led to the formation of an intact complexed
structure capable of acting in conjugation. The tripolymeric
structure of the outer BPM thus has a good propensity to
maintain its patency under normal ocular conditions.

The inherent focus of this study was to fabricate an
inflammation-responsive polymeric system for stimuli-
modulated ocular delivery of one or more drugs. In addition
to the above simulations in water; a modeling simulating a
pathological inflammatory intraocular state created in the
presence of hydroxyl radicals was also performed to elucidate
the effect of the inflammatory agents on the polymers, specif-
ically the HAmolecule. TheOH.-mediated stimuli-responsive
behavior of the outer BPM can be accredited to the action of
the OH. on specific bonding/ functional sites on the polysac-
charides as displayed in Fig. 1b and c. The MMER analysis
confirmed the interaction potential of the hydroxyl radicals
with polysaccharides in terms of both HA (Eqs. 9 and 15) and
the tripolymeric structure (Eqs. 14 and 16). The complexes
were hugely stabilized by ion pair-ion pair electrostatic non-
bonding interactions. All other bonding and non-bonding
interactions contributed to the destabilization of the structure
proving the dominating role played by the ionized species.
These energy attributes may indicate activation barriers for
the first stage (abstraction of the hydrogen on the carbon
adjacent to the carboxyl group in the n -glucuronic acid unit,
leading to glycosidic cleavage) and second stages (formation of
a hydrolytic product) (26). As can be deduced from the geo-
metric configuration, the volume of polysaccharide fractions
as well as the solvent-accessible surface obviously decreases
during the catalytic process. This decrease in molecular size
can be related to the ordering of polysaccharide fractions,
which is usually accompanied with a lowering in steric energy
(32). This ordering conformation provided clear evidence for
the catalytic effect of the hydroxyl radicals in HA hydrolysis.
The activation barriers of these reactions were lowered. In
addition, the main forces that may cause the change of mo-
lecular size were analyzed by the final single point energies.
Van der Waals and hydrogen bonding energies increased
significantly; whereas this was not the case for electrostatic
energy during the simulation process. These findings were
fully in agreement with the results that van der Waals attrac-
tion, hydrophobic forces, and electrostatic interactions were
the dominant driving force in the formation of an ordered
polymer structure (33). In general, the more negative the force
energy is, the more thermodynamically favorable is the for-
mation of the ordered structure. The change in bonded

interaction was exothermal as can be determined from the
enthalpy change (negative) indicating that the bonded inter-
action may also accelerate the hydrolysis of saccharide
molecules.

Oscillatory Studies: Frequency Sweep Tests

Oscillatory studies were important in demonstrating the
stimulus-responsive rheological transitions of the SRHS
forming the BPMs. Figure 2a highlights that the interaction
between the functional groups was disrupted in the Fenton’s
Reagent as compared with the normal SVH, as highlighted by
the respective regression curves. The decreased interactions
between the multipolymeric functional groups would purport-
edly facilitate enhanced erosion of the final BPMs under
inflammatory conditions compared to normal conditions, ful-
filling the purpose of inflammation-responsiveness.

In the presence of Fenton’s Reagent, the solution displayed
average loss tangent values of greater than 1 (Fig. 2b). It can
therefore be assumed that in response to inflammation,
interpolymeric interactions are decreased and the ultimate
system elasticity is reduced. This may be advantageous in
allowing for surface erosion and hence the release of drug.
Rheological synergism was observed in A:B:C (34). This syn-
ergism is typically a result of hydrogen bonding interactions
between the polymer chains facilitated by the compatible
geometries of the interacting polymers (35).

Characterization of Vibrational Transitions by Fourier
Transform Infrared Spectroscopy

Chemical Transitions of the Inner and Outer BPM, and BPM
Interface

The resultant FTIR spectrum is a predictor of the type of bond
formed during the polymeric crosslinking, with specific reference
to HA (Fig. 3a and b). The additional band at 2,934 cm−1 points
to the presence of additional alkyl chains on HA, ALG and PAA
corresponding to -CH and -CH2 vibrations (36), introduced in
the presence of DCC and NHS. This could indicate both
intramolecular and intermolecular crosslinking within the
polyanions themselves, as well as between HA, ALG, and
PAA. The participation of ALG and PAA in forming an intri-
cately crosslinked structure is evident by the appearance of bands
at 1,628 cm−1 and 1,159 cm−1 representative of the ester func-
tionality, being a pertinent indicator of intra- and intermolecular
crosslink formation.

An interpenetrating network at the site of conversion at the
inner and outer BPM is anticipated to form between the cationic
chitosan amino groups and the anionic ALG, HA and PAA
carboxylic groups, potentially disrupting any hydrogen bonding
already present between amino groups and hydroxyl groups in
CHT and elaborating an amorphous structure. Even though the
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inner and outer BPM are evident as separate entities, there is
integration of chitosan into the outer BPM at the boundary and

the crosslinking interaction between these entities is visualized in
the FTIR spectrum of the outer BPM. The occurrence of a new

Fig. 6 Componentially-derived scanning electron micrographs of the outer and inner BPMs under normal (blue arrow) and inflammatory (orange arrow) in vitro
conditions after 72 days exposure (represented at incremental magnifications).
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band at 3,232 cm−1 is representative of ionization of amine
groups. This correspondswith a comparative increase in intensity
in the peak at 1,650 cm−1, indicating the carbonyl group of
amides. The increase in intensity of the peak at 1,630–
1,650 cm−1 are characteristic of the C = N group, which
confirms the formation of Schiff’s linkage, corresponding to ionic
interactions between chitosan and the polyanions such as HA
(37).

With regard to the inner BPM (Fig. 3a), previous reports
have shown that most substantial changes in the spectra of
crosslinked CHT occur in the absorption region of CH2

groups (3,000–2,800 cm−1) and aldehyde, amide, and amino
groups (1,700–1,300 cm−1) (38,39). The presence of the
azomethin group in the product of reaction of chitosan with
gluteraldehyde is easiest to follow from the peak of valence
vibrations of the C = N bond which appears in the region of

Fig. 7 Image processing with
subsequent (iv) image histograms
generated for high-magnification
images of the outer BPM, showing
proposed peak designations, and (v )
the histogram of the original SEM
shown as an inset, under (a ) normal
and (b ) inflammatory conditions
showing the (i ) original, (ii) blurred,
and (iii ) color quantized image.
Note that each channel is capable of
highlighting most of the pores and
layers but not all.
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1,680–1,620 cm−1. These products appear during the
crosslinking of CHT. The formation of the aldimine bond
activates the added gluteraldehyde molecule and acceler-
ates the elongation of the oligomeric chain of
gluteraldehyde on chitosan. This is evidenced by the ap-
pearance of a band of valence vibrations of aldehyde
groups in the IR spectra of the products of the reaction

of CHT and gluteraldehyde at ~1,706 cm−1. Further
transformations with the formation of the already
crosslinked product can occur through the condensation
of the amino groups of chitosan with the carbonyl groups
of modified chitosan, or through the aldol reaction and
condensation of oligomeric chains of modified chitosan
with the formation of the products.

Fig. 8 Image processing with
subsequent (iv) image histograms
generated for high-magnification
images of the inner BPM, showing
proposed peak designations, and (v )
the histogram of the original SEM
shown as an inset, under (a ) normal
and (b ) inflammatory conditions
showing the (i ) original, (ii) blurred,
and (iii ) color quantized image.
Note that each channel is capable of
highlighting most of the pores and
layers but not all.
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Fig. 9 (a ) Photographic image highlighting removal of the I3 from the rabbit eye at day 7 prior to enucleation for vitreous and tissue sampling. (b ) Drug levels and
I3 erosion measured at 7 days in the posterior ocular fluids in the normal and inflamed rabbit eye.

Table VIII Levels of Anterior and Posterior Inflammation Observed Following Inflammation Induction and I3 Implantation at 7 Days

Ocular Specimen Anterior
Inflammation

Posterior
Inflammation

Additional Observations Histological Image
(Figure 10)

Control 0 0 Normal morphology without any inflammation visible in the anterior
and posterior chambers.

(a)

LPS Injection 1+ 3+ Acute purulent panopthalmitis could be confirmed with severe
exudation into the posterior chamber and vitreous humor as
well as mild inflammation visible in the anterior chamber of the
eye. Polymorphonuclear leukocytes (heterophils) appeared to
predominate in the exudative inflammatory process, but some
mononuclear leukocytes as well as macrophages were scattered
in the protein-rich inflammatory exudate. Additionally, cell debris
and desquamated epithelium cells were observed in the vitreous
material. The exudate extended up to the retina and was also
present in the ciliary processes, but did not penetrate into the
sub-epithelial stroma.

(b)

Drug-free I3—normal eye 0 0 Normal anatomical features are observed in the intraocular
structures as well as the sclera and extraocular soft tissues.

(c)

Drug-loaded I3—normal eye 0 0 No intraocular pathological changes with no specific lesions
present in the soft tissues around the eyeball in these sections

(d)

Drug-free I3—inflamed eye 1+ 3+ At day 7, acute exudative panopthalmitis was detected where
heterophils and fibrin exudation were found in the anterior
and posterior (vitreous) chambers of the eye. A section from
the optic nerve highlighted lymphocytic perivascular cuffing
within the optic nerve where prominent lymphoplasmacytic
infiltrates were found around some of the capillaries in the nerve.

(e)

Drug-loaded I3—inflamed eye 0 1+ A mild exudative inflammation was demonstrated in the posterior
chamber and in the vitreous chamber of the eye. The intraocular
inflammatory process appeared acute and mild. Polymorphonuclear
leukocytes (heterophils) predominated with some protein-rich
fibrinous exudate also present. The anterior chamber of the eye
was clear of any inflammatory infiltrates. The exudative panopthalmitis
was visualized as mild and acute in the posterior vitreous chamber
of the eye. The subacute inflammation on the extraocular stroma
was graded as mild.

(f)

0 no detectable inflammation, 1+ mild inflammation, 2+ moderate inflammation, 3+ severe inflammation, LPS lipopolysaccharide
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Comparison of the IR spectra of pristine and glutaraldehyde-
crosslinked CHT revealed significant transitions. The
crosslinking of chitosan membranes with glutaraldehyde shows
that an increase in the absorption at ~1,655 cm−1 is seen due to
imine bonds (N=C). The slight shoulder at 1,720 cm−1 is due to
free-aldehydic bonds. There is a high intensity broad peak
extending from 3,500 to 2,900 cm−1, which could be attributed
to the N-H and hydrogen bonded O-H stretch vibrational
frequencies (at 3,431 cm−1 in pure chitosan) and an increase in
the intensity of the C-H stretch increase at ~2,936 cm−1. The
increase in the number of methylene groups in the products of
condensation of chitosan and gluteraldehyde is known to mani-
fest itself as changes in the ratio of band intensities in the region of
3,000–2,800 cm−1 (39). The intensity of the peak at ~1,100 cm−1

attributed to the presence of the aliphatic amino group is de-
creased drastically in the crosslinked BPM compared to native
CHT. This change pertinently highlights that the crosslinking
with glutaraldehyde transforms the membrane to a more

hydrophobic form as amino groups are blocked with aliphatic
chains (37).

Thermal Analysis of the I3

Thermal analysis via TMDSC was significant in characterizing
the degree of crosslinking of the BPMs forming the I3. Overall,
there was a significant shift in the Tg in the I

3, represented as the
outer and inner BPM, compared to the native components. This
is a predictor of the numerically predicted low molecular weight
between crosslinks, relationally ascribed to each polymeric con-
tributor, as provided in Table VII. Simply, this was further
redolent of a highly crosslinked structure, even with regard to
CHT which already has a high Tg. The difference in ΔH at the
glass transitions for each polymer compared to the I3 was also
calculated—the larger the difference, the more energy required
to induce thermal transitions i.e. metamorphosis from a glassy to
rubbery state, melting and ultimately thermal degradation,

Fig. 10 Histological slides at day 7
for (a ) the control eye showing the
normal retina at 10x magnification
(b ) LPS injected eye at 10x
magnification (c ) drug-free I3 in the
normal eye at 4x magnification (d )
drug-loaded I3 in the normal eye at
20x magnification (e ) drug-free I3 in
the inflamed eye at 10x
magnification and (f ) drug-loaded I3

in the inflamed eye at 10x
magnification.
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which was clearly the case for the multipolymeric device com-
pared to its polymeric constituents.

On-Off Inflammation-Responsive Drug Release
Capabilities of the Optimum Formulation

The drug release pattern obtained from the I3 was differential
in normal versus pathological (inflammatory) conditions
(Fig. 4), with reversibility demonstrated in vitro (even though
a degree of loss in the bioresponsive capabilities of the device
with time is anticipated as irreversible changes in the
polymeric integrity of the I3 will ultimately occur as chain
scission is repeatedly initiated in the presence of hydroxyl
radicals). The enhanced release of both drugs under in-
flammatory conditions is attributed to the stimulated sur-
face erosion of the inflammation-responsive BPMs, specif-
ically the encapsulating outer BPM, as predicted via in

silico modeling.
Under normal conditions, an initial low level release of

both drugs from the I3 was still observed. The initial presence
and continued pore formation is a possible anticipated mecha-
nism contributing to this. Porosity analysis undertaken
(Supplementary Table I) indicated that for the outer BPM, the
pore size is much larger compared to the inner BPM, which
exhibits a smaller pore size overall. This clearly exemplifies that,
in the inner BPM, the pores are essentially occupied to a great
extent by the NS, thus having an enhanced surface area
(availed by the NS and numerous small pores), whereas in
the outer BPM, the pores are larger, possessing a smaller
surface area. On initial exposure of the I3 to dissolution
media, the pores of the outer BPM are anticipated to enlarge
under normal conditions causing ciprofloxacin release and the
release of indomethacin-loaded NS located at the boundary of
the inner and outer BPM, which is reflected in the early
phase release of low levels of indomethacin and slightly higher
levels of ciprofloxacin. Indomethacin release could also be
attributed to release of NS or indomethacin dissolution from
the embedded NS located at the exposed surface of the inner
BPM.

An inflammation-responsive drug release approach not
been demonstrated for intraocular implants on the market
for the treatment of posterior segment inflammation, such
as the market leader, Retisert™. The Retisert™ provides
continuous delivery of the corticosteroid (6). Because there
is continuous release of anti-inflammatory drug,
irrespective of the presence or absence of inflammation,
there is an enhanced propensity for the occurrence of
side effects. This would be minimized from the pro-
posed system which provides enhanced drug release
when exposed to an inflammatory stimulus compared
to when the implant is subjected to normal intraocular
conditions.

Magnetic Resonance Imaging for Live-Acquisition
of the Inflammation-Responsive Transitions of the I3

MRIwas undertaken to demonstrate the variability in gelling of
the device in the presence and absence of the inflammatory
stimulus, which was importantly correlated with the drug re-
lease behavior from the I3. Plotted results indicate the gelled
intensity (i.e. the intensity of the white area of the I3, which is the
hydrated area), as well as the change in area of the I3 on
exposure to the various dissolution conditions compared to
the unhydrated I3 at day 0. The associated MRIs at each time
point are also provided. Upon initial inspection at day 0, the I3

was clearly observed as a small unhydrated device in accor-
dance with the associated intensity scale (Fig. 5a). Following
exposure to normal SVH a comparatively greater imbibement
of dissolution fluid occurred (indicated by the largely white
appearance of the implant corresponding to a high gelling
intensity in the MRIs in Fig. 5b). As drug release studies
undertaken at normal conditions concluded, drug release was
at a minimum highlighting that fluid uptake in this instance
enforces the crosslinked structure emanating in a highly
interconnected multipolymeric hydrogel which hinders drug
and NS diffusion out the gel. Following exposure to SVH,
compared to the device at day 0, there is a prominent increase
in the area of the I3. This is due to swelling caused by the high
concentration of charged ionic groups in the crosslinked
multipolymeric structure due to osmosis and charge repulsion.
The overall hydration of the implant is apparent with the
gelling intensity being consistently >~79% over 28 days.
Thereafter, the slight progressive decrease in the size of the
gel with time is indicative of a low degree of erosion occurring
at the implant surface. Drug release observed under these
conditions is most likely attributed to self-diffusion initially,
followed by matrix erosion as the device area decreases. Fluid
ingress with device hydration, causing an initial increase in the
area of the implant with subsequent limited erosion over the
investigated period, can be considered as a significant predictor
of the drug release profiles of the I3. The change in the device
area decreased with time, concurrently with a limited increase
in both indomethacin and ciprofloxacin release (R2=−0.8856,
and R2=−0.8783, respectively). The high degree of device
hydration (measured as gelling intensity) was thus important
for limiting the drug release under normal conditions.

Subsequently, the transitions in the device’ area and gelling
intensity was measured for the implant under pathological
conditions created by Fenton’s reagent in SVH (Fig. 5c).
Ingress of fluid was minimal in Fenton’s reagent, as evidenced
by essentially a lower gelling intensity ranging between ~51
and 56% (with I3 images appearing grey), however, there was
a notable decrease in area with time, which corresponds with
the predicted surface erosion of the device under inflamma-
tory conditions due to chain scission initiated in the presence
of hydroxyl radicals propogating the observed surface erosion
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of the device. There is limited overall hydration of the device
highlighting that the polymeric degradation initiated by the
free radicals is largely a surface phenomenon. The change in
the area of the implant increased with time and correlated
positively and significantly with the observed drug release of
both indomethacin and ciprofloxacin, with progressively in-
creased erosion or the I3 resulting in enhanced drug release
(R2=0.9695 and 0.9888, respectively).

The behavior of the I3 on exposure to alternating dissolu-
tion stresses is of importance in that the ‘on-off’ inflammation-
responsive transitions of the device become quite evident
(Fig. 5d). In the absence of the instigating stimulus (hydroxyl
radicals), from days 0–3, the I3 hydrates and gels, visualized as
a high gelling intensity; and the device area increases. On
exposure to inflammatory conditions from day 3–7, device
hydration decreases and chain scission is initiated at the sur-
face of the I3 with the implant area drastically decreasing.
Under normal conditions from days 7–14, fluid ingress into
the device progresses further into the core. After exposure to
hydroxyl radicals for another 7 days, there was a noted de-
crease in the size and hydration of the device once again.
Interestingly, after a further 7 days exposure to normal con-
ditions, prominent hydration of the implant occurs; the device
area does again increase, although not as notably as before,
due to more extensive device erosion with pieces of the im-
plant. This reversible swelling and gelling and then ‘collaps-
ing’ of the polymeric matrix on alternating exposure to and
removal of the instigating stimulus is a hallmark of stimulus-
responsive systems (4). In this instance, collapse of the gel
occurs in the presence of inflammation, which promotes ero-
sion of the device. It is thus apparent that although the
responsive behavior is reversible, a point is reached at which
excessive stresses and polymeric chain scission may alter the
mechanism of operation of the device to a degree. Large
decreases in area of the implant were observed following
exposure of the device to pathological conditions (subsequent
to normal conditions) attributed to erosion in the presence
of hydroxyl radicals with associated drug release. The
correlation obtained between changes in device area
and drug release was not remarkable for indomethacin
(R 2=0.5049), but somewhat notable for ciprofloxacin
release (R 2=0.7375), possibly due to the fact that cip-
rofloxacin was directly incorporated within the stimulus-
responsive matrix; whereas following NS release from
the eroding implant, indomethacin has yet to diffuse
through its encapsulating boundaries.

Morphological Characterization and Image Processing
Analysis of Erosional Behavior of the I3

Image process analysis in accordance with the described
method enabled differentiation of certain morphological fea-
tures of the BPMs comprising the I3 following exposure to

either normal or inflammatory conditions. The compara-
tive analysis of histograms, with the histogram of the
original SEM shown as an inset to the histogram
obtained after image processing, highlighted the effect
of the processing steps on the clarity of the image
histogram such that the respective erosional effects on
BPM morphological features could be distinguished.
Figure 7a for the erosion of the outer BPM under
normal conditions shows a tetramodal distribution of
peaks with four of the peaks at voxel intensities of
~25, 85, 160 and 200 representing voxels for air-filled
deep pores, pores reaching the second or third layer of
the structure, solid polymeric architecture in the second
or third layer of the structure, and the solid polymeric
architecture of the top layer, respectively, in the order
of increasing linear absorption coefficients. The black
regions visualized in the processed images are represen-
tative of deep pores, cracks and crevices extending from
the surface into deeper layers of the respective BPMs of
the I3 which become enlarged on erosion. The peaks on
either side of these pores and solid interfaces are
blurred because of the finite spatial resolution of the
scanning system instigating an undesirable partial vol-
ume effect. The probability of finding intensity at a
pore-solid polymer boundary was assumed to be equal
for both features. The average of these peaks was thus
established as the threshold (i.e. ~118) implying that
voxels with an intensity equal to or smaller than 118
are pores, which is true for the peaks at 25 and 85,
which were assumed as pores initially. This model was
used for comparison with the images acquired for ex-
posure of the outer BPM to inflammatory conditions
(Fig. 7b). Here there was a tetramodal distribution of peaks
with voxel intensities at ~25, 70, 100, 150, representing a
significant shift towards a more porous structure on exposure
to an inflammatory environment.

Analysis of the erosion of the inner BPM under normal
conditions revealed a pentamodal distribution at 20, 95, 170,
220 and 245, representing voxels for air-filled deep pores,
pores reaching the second or third layer of the structure, solid
polymeric architecture in the third layer, solid polymeric
architecture in the second layer of the structure, and the solid
polymeric architecture of the top layer, respectively (Fig. 8a).
The threshold was thus established at ~150, implying that
pores are represented by peaks at or below this intensity.
Thus, under normal conditions, the more solid architecture
is attributed to the fact that the NS still occupies a great deal of
the pores of the matrix until their ultimate dislodgement from
the system on matrix erosion. When exposed to inflammatory
conditions, analysis of the SEM image of the inner BPM
highlighted a pentamodal distribution of peaks at ~27.5, 90,
110, 150 and 205, indicating a highly porous matrix with
excessive loss of the embedded NS (Fig. 8b). The inner BPM
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was resolved into more layers than the outer BPM
(pentamodal vs . tetramodal) due to pores arising which were
artefacts of NS release from the matrix.

Quantification of the In Vivo I3 Erosion and In Vivo
Anti-Inflammatory and Antibiotic Concentrations
Released from the I3 into the Total Posterior Ocular
Fluids of the Rabbit Eye Model Under Normal
and Inflammatory Conditions

In vivo results generated via UPLC analysis of TPOF samples
demonstrated good penetration of drug from sub-Tenon’s
space, through the sclera, into the TPOF, with drug levels
being above the minimum effective concentration (MEC) of
indomethacin (0.225 μg/mL) and minimum inhibitory con-
centration (MIC) of ciprofloxacin (0.8 μg/mL). In vivo results
further emphasized the greater modulation of indomethacin
release from the I3 (as compared to ciprofloxacin) owing to its
incorporation within the NS, enabling a more targeted and
prolonged effect of the anti-inflammatory agent (Fig. 9b). This
was congruent with in vitro observations.

Very few studies report on the inflammation-responsive
behavior of implants; however the investigation of Yui et al .
(40) on the inflammation-responsive degradation of
crosslinked HA revealed erosion of 5–55% at 175 h (~7 days)
at Fenton’s reagent concentrations of 0.01–0.05M. There was
no comparator under normal conditions, and no drug was
included for comparison with our data on inflammation-
responsive drug release patterns. The degree of erosion of
the I3 at the same Fenton’s reagent was half that described
as ‘rapid [responsive] degradation’ by Yui et al . (40), highlight-
ing a more controlled erosion due to the intimately crosslinked
system. However, the erosion of the I3 under inflammatory
conditions was notably greater than that observed in a normal
ocular milieu.

Histomorphological Analysis for Assessment
of the Degree of Ocular Inflammation Following
Implantation of the I3 in the Normal and Inflamed
Rabbit Eye

Histomorphological analysis of cellular infiltrates as a measure
of the degree of inflammation concluded that the morpholog-
ical findings in several sections where drug-loaded and place-
bo implants were left for 7 days in the sub-Tenon’s space in
the normal rabbit eye showed no morphological differences
between the two groups (Fig. 10). The mild inflammation on
the external surface of the sclera observed in some of the
rabbit eyes appeared subacute and was associated with the
I3 in the sub-Tenon’s space.

In the inflamed rabbit eye specimens, inflammation
suggesting an acute, intraocular panopthalmitis could be con-
firmed in all of the sections with polymorphonuclear

leukocytes (heterophils) predominating (Fig. 10b, e and f).
This is a by-product of the inflammation that was induced
via LPS injection. In the drug-free specimens a lymphocytic
optic neuritis was confirmed (Fig. 10e). Because no drug was
present in this instance, there was no opportunity for a reduc-
tion in the inflammation induced as opposed to where there
was implantation of a drug-loaded device and a relatively high
level of posterior inflammation was still detected (3+ grading).
However, with a drug-loaded implant in the inflamed rabbit
eye, morphological evaluation revealed only mild intraocular
heterophil infiltrates in the vitreous chamber (1+ grading)
with no inflammation in the anterior portion of the eye
(Fig. 10f). This highlights a reduction in level of induced
inflammation attributed to adequate site-specific release of
drug (indomethacin and ciprofloxacin) from the I3 in the
presence of inflammation, and proves the efficacy of the I3

in commencing to counteract the pathological tissue changes
that occur when ocular inflammation is instigated.

CONCLUSION

Modeling simulating a normal as well as pathological inflam-
matory intraocular state (created in the presence of hydroxyl
radicals) was performed for elucidation of the effect of the
inflammatory agents on the polymers. The stimulus-
responsive behavior of BPMs can be attributed to the action
of the hydoxyl redicals on specific bonding/ functional sites on
the polysaccharides forming the I3. The MMER analysis
confirmed the interaction potential of the hydroxyl radicals
with the polysaccharides. In silico analysis also rationalized the
use of a tripolymeric structure in the outer BPM. The intri-
cately crosslinked polymeric system comprising the I3 thus
responded at an innate level predicted by its molecular
make-up to inflammatory conditions as indicated by the re-
sults of the rheological analysis, MRI and SEM imaging, as
well as via the deductions of the intricate molecular modeling
undertaken.

Oscillatory studies highlighted that the hydrogel systems
(SRHS) employed to form the inner and outer BPM of the I3

exhibited stimulus-responsive rheological behavior on expo-
sure to and removal of the inflammatory environment. The
average loss tangent was highest when exposed to inflamma-
tory conditions. FTIR highlighted that the final crosslinked
BPMs showed the presence of bands inherent to all its com-
ponents, with a reduction in intensity of selected bands and the
appearance of new bands, attributable to the intra- and
intermolecular crosslinking instigated in the presence of the
chemical crosslinkers and initiators, namely DCC andNHS in
the outer core and gluteraldehyde in the inner core. Overall,
there was a significant shift in the Tg in the I3, represented as
the outer and inner BPM, compared to the native compo-
nents, indicative of the high degree of crosslinking within the
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I3. The I3 formulation displayed adequate responsive capabil-
ities on exposure to and removal of the inflammatory stimulus
in terms of drug release. Ciprofloxacin was released to a
greater extent due to its presence in the outer BPM, which is
anticipated to erode at a faster rate, as well as its non-
incorporation in a nano-carrier. MRI highlighted that fluid
ingress with device hydration and gelling can be considered as
a significant predictor of the drug release profiles of the I3 with
the minimal change in the device area (which had a high
degree of gelling) showing a notable negative correlation with
both indomethacin and ciprofloxacin release under normal
conditions (R2=−0.8856, and R2=−0.8783, respectively).
However, under inflammatory conditions, there was a notable
decrease in the area of the I3, which exhibited a comparatively
lower degree of hydration and gelling. This correlated posi-
tively and significantly with the observed drug release of both
indomethacin and ciprofloxacin (R 2=0.9695 and 0.9888,
respectively). Image analysis of erosional behavior visualized
via SEM indicated a significant shift towards a more porous
structure of both the inner and outer BPM on exposure to an
inflammatory environment.

Physicochemical and physicomechanical characterization
undertaken was therefore essential for delineating in vitro at-
tributes for predicting the in vivo performance of the device,
with specific reference to its inflammation-responsive transi-
tions. Ultimately, preliminary in vivo studies highlighted that
in vitro stimulus-responsiveness translated into enhanced drug
release in the inflamed rabbit eye in vivo , with an observed
reduction in the level of intraocular inflammation. The I3

demonstrated successful bioresponsive attributes in vitro and,
in the preliminary stages, in vivo , and could potentially im-
prove patient outcomes in posterior segment inflammatory
disorders.
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