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ARTICLE INFO ABSTRACT

Editor: Dr K Audus Implantable ocular devices are increasingly used to overcome the drug delivery challenges presented by the
physio-anatomical barriers of the eye. Protein adsorption onto the biomaterial occurs within minutes of im-

Keywords: plantation and is usually the first step in the fouling process that could culminate in implant/device failure,

Hydrogel infection, or even death if the infection is not properly managed. The eye can easily be damaged by any in-

Ocular devices

X . flammatory process due to its immune privilege status, hence, the need for biomaterials that would inherently
Protein resistance

limit protein adsorption and reduce inflammation. Herein, a super hydrophilic hydrogel ocular device was

Zwitterionization

Inflammation formulated via facile photo-initiated crosslinking polymerization between polyvinyl alcohol and sulfobetaine
methacrylate, 2 polymers that have previously been employed individually, for surface modification of bio-
materials towards protein resistance. Protein adsorption onto the hydrogel was studied in vitro and ex vivo using a
complex protein solution, and rabbit aqueous and vitreous humour, respectively. In vivo ocular cytocompatibility
was studied in New Zealand albino rabbits by subconjunctival implantation over a period of 8 weeks. The
concentration of the zwitterionic monomer significantly affected protein adsorption in vitro, and impacted the
foreign body response in vivo. In vivo results after 1 week showed a graded acute inflammatory response

indicative of tissue repair that resulted in full integration by the 8th week.
challenges associated with this site of delivery. These challenges include
Abbreviations tissue reaction to implanted biomaterials and invasiveness at anterior
AH aqueous humour and posterior target locations. Incidentally, though certain ocular tissues
VH vitreous humour such as the retina are known to be immune-privileged sites, inflamma-
ATF artificial tear fluid tory response to implanted devices remain a challenge,’ which is further
PVA Polyvinyl alcohol complicated by the diverse nature of ocular tissues existing in close
PVAGMA Polyvinylalcohol glycidyl methacrylate proximity to each other. Ocular implants such as intraocular lenses,
DED Dry eye disease contact lenses, and punctal plugs still suffer from major challenges such
SBMA  Sulfobetaine Methacrylate as protein adsorption and the consequent fouling and biofilm forma-
SDS Sodium dodecyl sulphate tion.! Biofilm formation is a major concern for implantable ocular de-
WRAF  Wits Research animal facility vices often leading to infections and sight threatening inflammatory
MNGBC Multi-nucleated foreign body giant cells processes such as keratitis. Due to the proximity of various ocular tis-
sues, inflammation in one section of the eye results in adverse effects in
Introduction sites distant from the site of inflammation. Innomata and colleagues,
while highlighting that devices such as contact lenses constitute a spe-
The search for successful materials for various applications in ocular cific risk factor for dry eye disease (DED), also posited that scarcity of
drug delivery is a continuing effort in the drive to overcome the treatment strategies that target specific factors may threaten the success
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of current treatment strategies.’

Targeted biomaterial design may be a treatment strategy that ad-
dresses specific factors in DED caused by contact lens wear. In addition,
other devices such as punctal plugs designed for the treatment of DED
can intrinsically result in inflammation that further exacerbates existing
DED.? Likewise, scleral lenses used in the treatment of inflammatory
ocular surface conditions need to be designed in a manner that elicits
minimal reaction from ocular tissues in order to prevent the exacerba-
tion of an already inflamed surface.” The design, form, size, structure,
components, rigidity, hydrophobicity, and, more importantly, tissue
implantation site of ocular devices have all been shown to contribute to
the type and extent of protein adsorption on any implanted biomaterial
and these in turn determine the phenotype of macrophages that will
mediate the inflammatory response.” Xu and colleagues, in their study,
established that hydrophobicity was a key factor in determining the
extent of the inflammatory response.® Ishihara and coworkers high-
lighted the additional influence of hydrogel porosity on increased pro-
tein adhesion, as observed in their study. They recorded a higher level of
protein adsorption on their more hydrophilically-modified hydrogel and
attributed it to the diffusion of the small molecular weight lysozyme into
the gels.” As their hydrogel was surface modified, this observation may
also bring to the fore the importance of bulk modification when
compared to surface modification. Although several researchers have
studied the nature of inflammatory response to implanted biomaterials,
the majority of these studies for ocular biomaterials were studied at sites
other than the eye.®

Hydrogels occupy an important niche both for drug delivery and
other ocular applications due to their distinct properties such as
biocompatibility, close resemblance to extracellular matrix, ease of
fabrication, and versatility in terms of application and manoeu-
vrability.” Hydrogels are prepared from synthetic, semi-synthetic or
natural polymers which are either physically or chemically crosslinked
to provide a 3-dimensional porous network enclosing a high volume of
water. They have been studied for local, targeted, controlled, and smart
drug delivery systems'® as contact lens, punctal plugs and other appli-
cations. In ocular drug delivery, hydrogels are increasingly being used as
a platform to overcome specific challenges to drug delivery for both the
anterior and posterior segments of the eye. In this work, zwitterioniza-
tion of a methacrylated polyvinyl alcohol (PM) polymer using sulfobe-
taine methacrylate (SM) in a facile photoinitiated crosslinking
polymerization process was undertaken for the fabrication of an ocular
hydrogel device. Various characteristics of the hydrogel, including its
mechanical strength, low biofouling and cell adhesion potential, ocular
cell cytotoxicity, superhydrophilicity, and transparency had previously
been established in an earlier study.'' In this investigation, the SM
content was varied to enable the evaluation of its effect on protein
adsorption in vitro and ex vivo and ultimately on inflammation when
implanted in vivo in New Zealand albino rabbits’ eye.

Materials and methods
Materials

Sulfobetaine methacrylate monomer, and polyvinyl alcohol meth-
acrylate were synthesized as previously reported'>'® while polyvinyl
alcohol methacrylate-co-sulfobetaine methacrylate was synthesized for
the first time via photoinitiated crosslinking polymerization.'’ Micro
BCA™ Protein Assay Kit (Thermo Fischer Massachusetts, USA), chicken
egg lysozyme, mucin, and bovine serum albumin (Sigma Aldrich, Ger-
many). Irgacure 2959, Polyethylene glycol dimethacrylate (Mn 750)
were purchased from Sigma (Sigma-Aldrich, St Louis, MO, USA).

Preparation of hydrogels

Zwitterionization was modulated by varying the percentage content
of SBMA in the hydrogels. Hydrogel samples prepared with 0%, 20% and
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33% w/w SBMA were assessed via in vitro, and ex vivo protein adsorption
studies. They were also subjected to in vivo cytocompatibility analysis to
evaluate the potential effect of zwitterionization on the hydrogels. Codes
were assigned to identify samples according to the content of the 2
polymers used as indicated in Table 1. PM and SM coded for polyvinyl
alcohol methacrylate and sulfobetaine methacrylate, respectively, while
the numbers that followed each name indicated the weight percentage
of each respective polymer in the sample.

In vitro quantitative determination of protein adsorption onto hydrogel
discs

The BCA micro assay kit was employed in the determination of the
quantity of protein adsorbed onto the hydrogel in vitro from a complex
protein solution consisting of mucin (0.5 mg/mL), lysozyme (1.2 mg/
mL), bovine serum albumin (3.88 mg/mL), and CaCl, (2 mg), in 100 mL
phosphate buffered saline (PBS). The constituent proteins of the artifi-
cial protein solution employed represent the dominant proteins in rabbit
tear fluid (lysozyme, albumin, mucin),'* and is of a similar composition
to that employed in other investigations characterizing protein absorp-
tion on ocular hydrogels.'® Some of these proteins also have a notable
presence in the aqueous humor (AH) (albumin), 16 and the vitreous hu-
mour (VH) (albumin).'” Thus, an in vitro model was prepared to identify
the interactions of the hydrogel with a fluid containing the dominant
proteins present in the ocular fluids of rabbits.'® Briefly, 4 mm discs
were punched from the hydrogel samples and equilibrated in artificial
tear fluid (ATF). These were subsequently immersed in 5 mL protein
solution, placed in an orbital shaker set at 37°C and 40 rpm for 1.5
hours. The discs were retrieved thereafter and rinsed three times with
PBS. Sodium dodecyl sulphate (1 % “/y, 2 mL) was used to detach the
protein adsorbed on the hydrogels by incubating at 37°C for 1 hour. The
calibration curve was constructed using the complex protein solution in
which the discs were subsequently immersed. Quantitation was under-
taken by reading off the concentration on an Implen NanoPhotometer®
(Implen GmbH, Munchen Germany) using the BCA assay tool.

Ex vivo qualitative determination of protein adsorption onto hydrogel discs

Discs from both the zwitterionized and unzwitterionized hydrogels
were formed with a 6 mm biopsy punch. These were incubated in 1 mL
aqueous and vitreous humour samples, obtained from New Zealand al-
bino rabbits, at 37°C for 90 minutes in an orbital shaker. Subsequently,
the discs were washed 3 times with PBS at pH 7.4. The adsorbed protein
on the discs were thereafter extracted with a 1% "/, sodium dodecyl
sulphate (SDS) solution. A modified form of the sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) was used to elucidate
the pattern of adsorbed proteins on the hydrogel samples as it provides
information regarding the molecular size along with intermolecular
disulfide bonds of proteins.'® The extract from the 1 % w/v SDS solution
was mixed with about 100 pL electrophoresis sample buffer (1 mM
EDTA, 10 mM Tris-HCl, pH 8.0, 2.5 % SDS and 5 % B mercaptoethanol)
and boiled for 15 minutes and thereafter centrifuged at 9000 rpm for 10
minutes to extract the adsorbed proteins. The supernatant (10 pL) was
applied to a 10 % gradient electrophoresis gel and electrophoresis
conducted using MINI-PROTEAN® 3 cell (Bio-Rad, USA) at 200 V. The
separated protein bands were visualized by staining the gels with about
1 % w/v Coomassie brilliant blue in a 40% methanol/10% acetic acid
solution for 1 hour and subsequently destained in a solution containing

Table 1
Codes and polymer content for sample hydrogels.
Component  Codes PM100-SMO  PM80-SM20  PM67-SM33
Polyvinyl alcohol methacrylate 100% 80% 67%
(PM)
Sulfobetaine methacrylate (SM) 0% 20% 33%
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40% methanol and 10% glacial acetic acid.

In vivo assessment of cytocompatibility of the hydrogel discs

Ethics clearance (certificate no 2021-07-03C) for the in vivo im-
plantation study in New Zealand albino rabbits was obtained from the
Animal Research Ethics Committee of the University of Witwatersrand,
Johannesburg, South Africa. A total of 15 male and female rabbits
weighing between 2.5 to 3.5 kg were received at the Wits Research
Animal Facility (WRAF) a week prior to the commencement of the study
and acclimatized for 5 days. The animals were housed individually at the
WRAF, maintained at a temperature of 25 °C + 2 °C and humidity 55 %
+ 5 % with a 12-hour light/night cycle and having free access to stan-
dard animal food and water. Following a previously established protocol
with modification, 4 mm x 0.75 mm hydrogel discs were punched and
sterilized and implanted into the sub conjunctival space of the rabbits’
right eye (while the left eye served as a control) by an ophthalmologist
following aseptic techniques.'®'® Prior to the procedure, the rabbits
were anesthetized with an intraperitoneal injection of a mixture of ke-
tamine (65 mg/Kg) and xylazine (7.5 mg/kg). At 1, 4, and 8 weeks
respectively, 5 rabbits were euthanized with an overdose of phenobar-
bital sodium, and the hydrogel discs explanted. These were fixed in 10 %
w/v neutral buffered saline and afterwards, samples were prepared for
scanning electron microscopic (SEM) viewing using a modified version
of a previously applied protocol.”’ Briefly, a representative explanted
disc was dehydrated in a serially concentrated alcohol maintained for 15
minutes at each concentration (50 %, 60 %, 70 %, 80 %, 90 %, and 100
% V/y), air dried, sputter coated with gold/palladium, and examined
under the SEM. The SEM images of the implanted discs were compared
with that of hydrogel discs that were not implanted. Sections of repre-
sentative explanted discs were also stained with hematoxylin-eosin and
photographs were acquired. Histopathological examination of the
capsular tissue surrounding the implanted disc was also undertaken.

Results
In vitro and ex vivo protein adsorption

The results of in vitro protein adsorption obtained using the BCA
assay are displayed in Fig. 1. The level of in vitro protein adsorption from
across all samples was low with the highest amount of protein (0.1036 +
0.4224 pg/mm?) being adsorbed by PM100-SMO hydrogel. There was a
gradual decrease in the level of adsorbed protein as the concentration of
modifying monomer, SBMA, in the hydrogel increased. Statistical
analysis showed that the addition of SBMA contributed significantly to
protein resistance in vitro (p = 0.000531). The hydrogel with the highest
level of SBMA had the least adsorbed protein (0.0487 + 0.263 jg/mm?)
in vitro.

In Fig. 2, the ex vivo protein adsorption obtained from the aqueous
and vitreous humour collected from rabbits is displayed. The non-
zwitterionized hydrogel, PM100-SMO, that had the highest adsorption
from in vitro protein mixture had the least adsorption in both aqueous
and vitreous humour studies. The amount of protein adsorbed from the

PM80-SM20  PM67-SM33

PM100-SMO

Fig. 1. Protein adsorption on hydrogel discs with differing SBMA content.
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Fig. 2. Ex vivo protein adsorption in aqueous and vitreous humour.

aqueous was notably lower than that from the vitreous humour samples,
but not significantly (p = 0.0678). In addition, the total amount of
protein adsorbed per unit area of the hydrogel discs were notably lower
than that adsorbed from the artificial protein mixture in vitro (p =
0.01284 for AH and p = 0.02286 for VH).

Qualitative determination of adsorbed protein by SDS-PAGE

Fig. 3 depicts the digital image of a representative run on SDS-PAGE
for the qualitative assessment of the protein adsorbed on hydrogel discs
from in vitro assessment. The 2 lanes at the opposite ends of the gel
represent the protein stock solution (containing a mixture of the proteins
used) and the protein marker, respectively. Each constituent protein
sample was placed in 2 wells. One protein band was visible from all the
wells containing extracts from the hydrogel and was most likely
responsible for measured adsorption on the gels. An alternative expla-
nation may be that the level of the other proteins adsorbed on the
hydrogel were extremely low and hence could not be resolved by the 10
% acrylamide gel gradient as that the limit of detection by SDS-PAGE
stained with Coomassie blue is 100 ng. Protein concentration of the
sample using salting out techniques could resolve this. In a similar
manner, proteins adsorbed from the aqueous and vitreous humour
during ex vivo experiments were also subjected to analysis by electro-
phoresis. Fig. 4 shows the results of electrophoresis for determination of
protein adsorption from aqueous and vitreous humour samples. The
results were similar to that obtained from in vitro protein adsorption
analysis and shows only the protein marker lane is visible.

In vivo evaluation of hydrogel discs in New Zealand albino rabbits

Fig. 5 shows a representative image of the rabbit eye directly after
hydrogel disc implantation, while images in Fig. 6 were captured after 8
weeks of implantation and show the integration of the hydrogel disc into
the superior bulbar conjunctiva.

To determine whether the in vivo inflammatory response is depen-
dent on the SBMA content, hydrogel discs containing different levels of
SBMA, PM67-SM33 and PM80-SM20, were implanted for the 1-week
study. The explanted hydrogel disc had no visible signs of

B .
# A TN E———— =, T
\é e ——— v‘;
— e

Fig. 3. SDS-PAGE of proteins adsorbed on hydrogels from in vitro analysis. A
represents the lane for the protein marker and B represents the lane for the
protein stock solution.
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Fig. 4. SDS-PAGE of protein from ex vivo studies showing the single lane (A) for
the protein marker.

Fig. 6. Digital image of PM67-SM33 hydrogel disc 8 weeks post-implantation.

desquamation nor were there any adhering tissues as can be seen from
Fig. 7. Similarly, the hydrogel observed embedded in the tissue in the
histological images did not have cells adhering to it. In Fig. 8, the his-
tological images of sections from the tissues surrounding the implant
after a week are displayed. The arrows in Fig. 8 (C and I) point to
fragments of the implant found embedded in tissue sections for PM67-
SM33 and PM80-SM20 respectively. No cells can be seen on these
implant fragments embedded in the tissues from these images. Histo-
logical reports graded the presence of different cellular components of
inflammation observed in the tissue samples. These are summarized in

Fig. 7. Digital image of a hydrogel disc explanted after 8 weeks.
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Table 2. Histological images of tissues obtained from area surrounding
the hydrogel discs explanted from rabbit’s subconjunctival space after 4
weeks, and 8 weeks are shown in Figs. 9 and 10, respectively.

The types and number of cells identified histologically in the tissue
sections from the immediate vicinity of the implanted were shown in
Table 2 and in Figs. 8, 9, and 10, the images from tissue sections ob-
tained from the tissues surrounding hydrogels at the end of week 1, week
4, and week 8 are displayed. These included heterophils, lympho-
plasmacytic cells, macrophages, and multinucleated giant body cells.
Multinucleated giant body cells (MNGBC), for instance, were graded
(+2) in the immediate tissues surrounding the cavity created by the
procedure. MNGBC are usually formed by the fusion of macrophages
activated in the acute phase when their attempt at phagocytosis fails
particularly because of the size of the presenting stimuli. The response to
the implant after a week majorly represented an acute phase of tissue
repair and encapsulation of the foreign material. In hydrogel PM67-
SM33, the stromal response accompanied by more mature collagen fi-
bres with horizontally arranged layers, represents an advanced level of
tissue repair occurring after a week. The number of multinucleated
foreign body giant cells (MNGBC) were also lower in PM67-SM33, and
this correlates with the in vitro protein adsorption study findings. His-
tological reports showed that there was minimal presence of inflam-
matory cells by the 4th week and involved heterophils, macrophages,
lymphoplasmacytic cells and a few MNGBC. These were associated with
one sample that contained a hair shaft as a foreign material in the cystic
space. All other samples showed normal mucosa and submucosa with
cystic spaces lined or encircled by layers of plump fibroblasts inter-
spersed with connective tissues and forming granulation tissue in some
samples.

There was minimal capsule formation as can be observed in the
histological images in Fig. 9. One of the hydrogel discs was not found in
one of the rabbits by the end of the 1st and 4th week. By the 8th week,
histological analysis indicated the formation of cystic encapsulation
with a fibrosis layer measuring from 4 cells thickness to a thickness of
0.1pm in one sample. Fig. 11A shows the size of the collagen capsules
formed around the implant at various time points after explantation.
These measurements were obtained employing the Image J yellow
measuring tool shown in Fig. 11B. The inflammatory response to
implanted biomaterials usually presents as a fibrotic collagen capsule
that forms around the implanted device, and may be evaluated through
its size and nature.?!

Fig. 11 shows that this capsule was absent at 1 week but present by
the 4th and 8th week. There was no significant difference (p > 0.05)
between the sizes of the collagen capsules at both time periods. In
addition, in most of the sections captured by histology, this capsule was
identified as a layer of fibroblasts intermingled with synthesized
collagen and connective tissues. This represents the formation of new
tissues through which connection with the local tissue environment may
be maintained, a very welcome development.

The morphology of cells attached to the explanted hydrogel discs was
additionally studied via Scanning Electron Microscopy, SEM. Fig. 12 (A3
and A4) shows the SEM image of a representative PM67-SM33 hydrogel
disc explanted after 4 weeks while Fig. 12 (Al and A2) are SEM images
of a control hydrogel disc that was not implanted. Cells identified on the
SEM images of explanted hydrogel were minimal and occupied less than
50 % of the disc view captured under the SEM as can be visualized from
Fig. 12 (A3 and A4). These represent lymphocytes, heterophils, and
macrophages. Fig. 13 depicts representative SEM images of the same
hydrogel explanted after 8 weeks. The morphology of the cells slightly
differs from the images in Fig. 12 (A3 and A4).

The presence of inflammatory cells was limited to the presence of a
few single cell lymphocytes, heterophils and plasma cells. On one of the
implants shown in Fig. 13, lymphocytes and macrophages fusing to form
multinucleated giant body cells were identified. Multinucleate giant
body cells were associated with the presence of a foreign material
embedded adjacent to the cystic space left by the implant.
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PM-67-SM33

Fig. 8. Histopathological images depicting the effect of implanted hydrogels PM67-SM33 (A, B, C) and PM80-SM20 (F, G, H) on conjunctival tissues after 1 week. D
and E are sections of the explanted hydrogel and the control eye respectively. The blue arrows show the implant embedded in the tissue.

Discussion
Table 2

Cell types appearing in each subsection of the tissue.

The results of the in vitro protein adsorption study observation is in

Section PM80-SM20 PM67-SM33 congruence with other studies; however, the level of protein adsorbed in
Inner layer +2 epithelioid  Heterophils +2 Single the current study is below that previously reported.?”* It is pertinent to
macrophages epithelioid heterophil note that the protein constitution of the artificial protein solution used in

) ) macrophages different studies as well as the evaluation method varied and may have
Su:rzu;:mg ?ht ckness I;Z;ln fic’plasmacytlc Rich fibrous collagen contributed to observed differences in the total adsorbed protein

MNGBC* 3.5+ 1+ observed for individual studies. In this report, the protein solution used
represents a complex protein solution constituted from 3 different pro-
teins commonly found in tear fluid; lysozyme, albumin, and mucin®*?°

Fig. 9. Histopathological images of different sections depicting the effect of implanted hydrogel PM67-SM33 discs on conjunctival tissues after 4 weeks.
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Fig. 10. Histopathological images depicting the effect of implanted hydrogel PM67-SM33 discs on conjunctival tissues after 8 weeks. The blue slide is the explanted

hydrogel implant.

13

o

Size of collagen capsule (um)

o

1week 4weeks 8weeks

Duration of implant (weeks)

Fig. 11. Size of collagen capsule formed around the implant after 1-, 4-, and 8-weeks implantation (A). Example image depicting measurement with Fiji Image J

yellow tool (B).

(albumin also being a dominant protein present in the AH and VH). In
addition, during protein evaluation, the calibration curve was con-
structed via serial dilution of the same stock solution from which protein
adsorption onto the hydrogels were studied and evaluated. In addition,
the sensitivity of different methods of evaluation also varies. For
example, as discussed, SDS-PAGE could not resolve the extremely low
levels of other proteins absorbed. However, it does possess the advan-
tages of simple operation and good reproducibility in the determination
of protein molecular weight, detection of specific proteins, and identi-
fication of strain species,”® and was applicable in this investigation for
elucidating the pattern of the dominant adsorbed protein.

The impact of the complex nature of the proteins exposed to the
implants in vitro, ex vivo and in vivo was evident. The protein adsorption
potential of the hydrogels increased as the SBMA content increased in ex
vivo fluids, however this variation was not significant (p = 0.1046 for AH
and p = 0.1047 for VH). This observation is in opposition to that ob-
tained from in vitro experiments with artificial protein solution in which
the protein absorption decreased as the SBMA content increased.
However, the protein absorption levels were significantly lower in both
aqueous and vitreous humour ex vivo fluids vs the artificial protein so-
lution (p = 0.01284 for AH and p = 0.02286 for VH). SBMA content
contributed significantly to the variation in protein adsorption for the

artificial protein solution (p = 0.000531). Thus, although the effect on
SBMA content was evident both in vitro and ex vivo, its impact noted on
exposure to an environment mimicking largely the anterior chamber
ocular fluids is of most significance, with the protein composition of this
ocular milieu corresponding more closely with the environment into
which the hydrogel was implanted in vivo (subconjunctival).

Different studies have explored the proteomic fingerprint from the
aqueous and vitreous humour. Stastna and colleagues found that the
aqueous humour of rabbits contained approximately 400 pg of total
protein (0.8 and 2.5 mg/mL when determined using the BCA assay).””
The low level of adsorption observed may reflect the comparatively low
level of total proteins found in the aqueous and vitreous humour of
rabbits. The level of proteins in the aqueous and vitreous humours are
also lower, and with a smaller variety of proteins, than that found in the
tear fluid, hence the higher degree of protein absorption found in the in
vitro artificial protein solution model.?® In juvenile rabbits, however,
Young and coworkers demonstrated procedure-dependent protein con-
centrations varying from 3.6 mg/mL in preoperative conditions to 12.1
mg/mL with IOL insertion hence, highlighting the capacity of an
implantable device or biomaterial to stimulate protein release.”’ Even
though their study was aimed at investigating the root causes of exces-
sive scarring and immune response in children undergoing cataract
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Fig. 12. SEM image of non-implanted controls of the hydrogel disc (A1 and A2) and the hydrogel disc explanted after 4 weeks (A3 and A4) at corresponding
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surgery, the study relates the possible role that could be played by
biomaterials in inducing protein influx that can act as cues for pro and
anti-inflammatory macrophage polarization. It is pertinent to note that
the total protein adsorbed by the hydrogels from an in vitro protein so-
lution was higher than that adsorbed from the rabbit’s ocular fluids as
this suggests a greater propensity to limit protein adsorption under
conditions of use. It is also important to note that the nature and type of
proteins induced or attracted by a biomaterial depends to an extent on
the properties of the biomaterial. Though there was a general reduction
in the quantity of proteins adsorbed from ocular fluids, the somewhat
reverse role played by the SBMA content of the hydrogel raises questions
as to the nature of the interaction between the polymer and the proteins
in the AH and VH ocular fluids particularly bearing in mind the unique
nature of the ocular environment. Boone and colleagues also noted a
difference in the quantity of lysozyme adsorbed from ex vivo tear fluid
compared to in vitro measurements. >’ As with the current study, the total
protein deposited in in vitro experiments were higher than that from ex
vivo experiments, which they attributed to the complex nature of ex vivo
protein creating the opportunity for competitive adsorption. In addition,
the structural resemblance of SBMA to certain cell membrane proteins
may contribute to this inverse relationship in terms of total proteins
adsorbed as has been observed in this study. Zhang and colleagues
previously demonstrated the stabilizing effect of polycarboxybetaine
network within which the protein, uricase, was encapsulated,’’ to
immunogenic attacks that usually result from repeated frequent protein
injections. Contrary to these explanations, other investigations have
indicated that protein-specific rather than formulation-specific factors
are drivers of protein adsorption on nanoparticles in the vitreous.>?
There is therefore the need to explore this interaction and its applica-
bility to different sites of insertion of the hydrogel within the ocular
space with a view to harnessing the potential benefits from biomaterials
modified by zwitterionic SBMA.

The proximity of ocular tissues often results in an orchestrated
scarring in one tissue in response to effects on another tissue. The
temporal cascade of events following biomaterial implantation is
captured aptly by Maity and Sakar, *>* where they described the time
modulated variation in acute, chronic and granulation tissue inflam-
mation and the effect of cellular immune factors on intensity. The in-
tensity and timeline of any of the phases depends on the degree of the
injury inflicted, and the physicochemical properties of the biomaterial.
Following surgical implantation of a biomaterial, an interplay between
the biomaterial and the macrophage system (as the major markers of
inflammatory/immune response) is initiated depending on the nature
and types of protein that adheres on the biomaterial surface.®*

Changes in the secondary structure of these adhering proteins will
cause the macrophage system to either attack and phagocytize the
biomaterial or to proceed with tissue repair (the so-called M1 and M2
polarization respectively). If the adhering proteins are identified as the
same as membrane or body proteins, M2 macrophages are activated that
initiate an anti-inflammatory response that tends towards tissue repair.
To initiate tissue repair, M2 macrophages must be able to recognize and
remove by-products of host protein oxidation that are generally termed
danger associated molecular patterns (DAMP) and brought about by the
action of reactive oxygen species released by the macrophages in the
first instance.>® Subsequently, these M2 macrophages serve as antigen
presenting cells for the activation of T lymphocytes of the regulatory
subset through the transforming growth factor p (TGF-f), platelet
derived growth factor (PDGF), and interleukin 10 (IL-10) signalling.35 T
regulatory lymphocytes residing in non-lymphoid tissues perform a
variety of functions in addition to their traditional immune suppressive
roles specific to the context and their location.>® In many biological
procedures such as tissue engineering, surfaces that encourage protein
adhesion and subsequent macrophage attachment are welcomed®
whereas in other procedures, (in the eye particularly) such as implan-
tation of IOL or in glaucoma drainage devices, macrophage adhesion
following protein adsorption onto the device may lead to an extensive
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fibrotic response that ultimately deactivates the device and necessitates
removal >’ Understanding the nature of this interaction, therefore,
becomes a prerequisite for designing biomaterials that could limit
debilitating microenvironment pathologies.*® The sensitive nature of
the eye, which is the primary reason it operates an immune privilege
environment, prohibits the inflammatory processes that often may lead
to loss of sight. The conjunctiva is histologically differentiated into the
epithelium and substantia propria. The substantia propria, composed of
the adenoid and fibrous layer, is interspersed with a variety of tissues
that together form the conjunctiva-associated lymphoid tissue (CALT)
that modulates the immune and inflammatory responses around the
ocular surface.>**" Inflammation was generally absent in most tissue
specimens (confirmed by the general absence of multinucleated foreign
body giant cells) and only minimally present in few sections (a multi-
nucleated foreign body giant cell was noted in one section out of three
sections in one sample) where it occurred and was related to the pres-
ence of hair shafts from the procedure. This observation agrees with the
observations of Tan and colleagues that studied the uveal compatibility
of MPC modified silicone hydrogel lenses.”' The minimal presence of
inflammatory components could derive from the fact that from the 4th
to the 8th week all acute inflammatory response resulting from tissue
injury would have subsided. Huang and co-workers (2016) prepared and
evaluated a zwitterionic hydrogel reinforced with nanoclay as a wound
dressing. They noted complete connective tissue formation and re-
epithelization of the wound by the 12th day in diabetic rats.*” In addi-
tion, removal of the dressing was clean without any adhering or inter-
twined tissues. Surface chemistry of biomaterials has been explored as a
means of modulating inflammatory response to implanted devices.
Surface wettability is one property that has frequently been exploited in
this regard. Xu and colleagues investigated the adhesion of activated M1
and M2 macrophages onto hydrophobically modified methacrylated
gellan gum and the subsequent expression of pro and anti inflammatory
markers in RAW 264.7 cells culture media.® Their study confirmed that
increasing hydrophobicity increased macrophage adhesion and reduced
the expression of pro-inflammatory tumour necrosis factor-o (TNF-).
Shen and colleagues, on the other hand, studied the influence of the type
of adsorbed protein on monocyte adhesion>>*® and noted that adsorp-
tion of albumin reduced monocytes adhesion while fibronectin, plasma,
serum, and immunoglobulin G adsorption promoted monocyte adhe-
sion. Rostam and colleagues noted a different observation on the effect
of hydrophobicity of biomaterial on the expression of pro-inflammatory
markers.>”*** Their study showed that increasing the hydrophilicity of
polystyrene via plasma O, etching caused the polarization of macro-
phages toward the M1 pro-inflammatory end. Even though there are
conflicting reports on the influence of surface wettability on the
macrophage phenotype polarization, it is clear that the type and
conformation of adsorbed protein on a surface determines the polari-
zation of macrophages since macrophages will adhere to any surface in
their natural line of action, irrespective of the surface wettability,
particularly in the presence of tissue injury during implantation. In
addition, other biomaterial properties such as topography and stiffness
contribute to protein adhesion and invariably to macrophage adhesion
and polarization. Ultimately, the importance of in vivo confirmatory
studies is further brought to the fore. What is of overriding importance is
the need to design biomaterial surfaces that polarize macrophages to-
wards the specific requirements of the particular application intended.
The in vivo study undertaken here has shown that the observed macro-
phage adhesion onto the implant caused a macrophage polarization
towards an anti-inflammatory effect, given the absence of inflammation
after one week. These outcomes represent an advancement compared to
the characteristics of many existing biomaterials utilized in ocular de-
vices such as contact lenses (that are employed in the treatment and
diagnosis of ocular diseases) with respect to their interaction with body
fluid - an interaction on which their success depends.

Often, implanted biomaterials act as a consistent and continuous
inflammatory stimulus that eventually results in a cytokine storm when
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inflammatory cells are not able to cordon off the biomaterial. The
capsule formation effectively cordons off the biomaterial device from
the biological environment and in applications used as sensors, this
effectively leads to device failure as the device will lose connection with
the stimulus. If, however, the fibrotic capsule is perfused with connec-
tive tissue, the contact with the biological environment is maintained
alongside the functions of such devices. The acute inflammatory
response to a normal wound that is targeted at tissue repair generally
begins to resolve by the third week after surgery >*** and this is evident
in the histological observations obtained at 4 weeks.

The disappearance of some implanted hydrogel discs indicates the
requirement to study the extrusion potential and rate from the con-
junctiva should the developed implant be planned for as an implantable
drug delivery device for further preclinical and clinical assessment.

Conclusion

This work has demonstrated the potential of the novel biomaterial
developed and evaluated herein to limit inflammation in a New Zealand
albino rabbit eye model, highlighting its potential as an ocular delivery
device. Zwitterionisation with SBMA significantly influenced the anti-
inflammatory tissue repair process. Investigations demonstrated that
protein adsorption studies in vitro from complex protein solutions do not
always reflect that from ex vivo biological fluids, particularly with
regards to the ocular environment. It could also highlight that zwitter-
ionisation with SBMA may serve a more significant antifouling role for
ocular implants introduced to the anterior chamber of the anterior
segment of the eye versus implants targeted for posterior insertion.
Likewise, zwitterionization was instrumental in ensuring that the anti-
inflammatory response to the hydrogels implanted subconjunctivally
in rabbit’s eye tended towards the natural repair process. Future
research would explore the drug delivery potential of the hydrogel when
utilized in the fabrication of devices such as contact lenses that would
serve the dual function of vision correction and delivery, with potential
exploration in human models (e.g. human corneal models still under
development45).
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