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To carry out the preclinical and histological evaluation of a novel nanotechnology-based microshunt
for drainage glaucoma surgery. Twelve New Zealand White rabbits were implanted with a novel
microshunt and followed up for 6 weeks. The new material composite consists of the silicone
polydimethylsiloxane (PDMS) and tetrapodal Zinc Oxide (ZnO-T) nano-/microparticles. The
microshunts were inserted ab externo to connect the subconjunctival space with the anterior
chamber. Animals were euthanized after 2 and 6 weeks for histological evaluation. Ocular health

and implant position were assessed at postoperative days 1, 3, 7 and twice a week thereafter by slit
lamp biomicroscopy. Intraocular pressure (IOP) was measured using rebound tonometry. A good
tolerability was observed in both short- and medium-term follow-up. Intraocular pressure was reduced
following surgery but increased to preoperative levels after 2 weeks. No clinical or histological signs

of inflammatory or toxic reactions were seen; the fibrotic encapsulation was barely noticeable after
two weeks and very mild after six weeks. The new material composite PDMS/ZnO-T is well tolerated
and the associated foreign body fibrotic reaction quite mild. The new microshunt reduces the IOP for

2 weeks. Further research will elucidate a tube-like shape to improve and prolong outflow performance
and longer follow-up to exclude medium-term adverse effects.
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The primary target to slow down the progression of glaucomatous optic nerve damage is still the intraocular
pressure (IOP)'. When drug therapy, laser treatment or minimally invasive approaches fail, filtering surgery is
required®>.

Glaucoma filtration surgery is the most frequent and effective approach to reduce the IOP*. Despite an imme-
diate effect, the long-term success however is often impaired by the postoperative wound healing responses®®.
Different drainage implants and different materials were therefore introduced to overcome this problem, but
encapsulation of the implants is still a major complication, followed by IOP rise and leading to surgery failure’=.
It is known that inflammatory wound healing mechanisms caused both by surgery and the implant material
and/or design are major determinants of success or failure*!°. Modern devices consisting of glutaraldehyde
cross-linked porcine gelatin (XEN™, AbbVie, Wiesbaden, Germany) or Polystyrene-b-isobutylene-b-styrene
(Preserflo™, Santen, Munich, Germany) have been suggested to reduce the fibrotic reaction. However, because
of undeniable fibrotic responses, antimetabolites such as 5-fluorouracil (5-FU) and mitomycin C (MMC) as well
as re-interventions are still required''2.

The ultimate antifibrotic material has not been found yet, but nanotechnology may help to overcome the
problem, that is primarily based on a foreign body reaction. In former studies we analyzed the antiproliferative
effects of Zinc Oxide nano-/microparticles in a tetrapodal structure (ZnO-T) on primary cultures of human
Tenon’s fibroblasts (HTF). ZnO-T were able to reduce wound healing and also cytokine release and interfered
with cellular growth on material consisting of ZnO-T combined with PDMS®.
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Aim of this study was to obtain first in vivo results of biocompatibility, IOP reduction and histopathology of
an innovative nanotechnology-based microshunt composed of PDMS and ZnO-T nano-/microparticles.

Material and methods

All procedures conformed to the ARVO statement of the use of animals in ophthalmic research and our insti-
tutional guidelines. The study was approved by the local committee for animal use at the University of Luebeck
(No. V 242-29443/2020 (111-10/19)). The study was reported in accordance with ARRIVE guidelines.

Implant material

Implants were fabricated by the extrusion technique using polydimethylsiloxane (PDMS) and tetrapodal Zinc
Oxide nano-/microparticles (ZnO-T). Medical grade ZnO-T nano-/microparticles were produced at Phi-Stone
AG (Kiel, Germany). Medical grade PDMS MED-6820 (NuSil Technology LLC, Carpinteria, USA) was provided
by HumanOptics AG (Erlangen, Germany)'.

To produce the stents, 75 wt% ZnO-T was mixed into the PDMS matrix. The stents were extruded from the
polymer/particle mixture using a custom-made device. All components, except for nozzles, were made of stainless
steel to withstand high pressure encountered during extrusion of the highly viscous polymer/particle mixture.
Standard MKS8 brass nozzles designed for 3D printers with bore diameters of 400 um and 200 pm were used!*.

The PDMS premixture was prepared by manually blending PDMS components A and B in a 1:1 ratio for
a minimum of 5 min. Subsequently, ZnO-T particles were manually mixed into the PDMS premixture until
a homogeneous powder-like blend was achieved. Following the extrusion process, the stents were suspended
between two supports and left to dry in an atmospheric oven at 85 °C overnight. Once cured, the stents were
cut to a length of 1.0 cm using a sharp blade'*. Stents with 75 wt% ZnO-T and two different diameters (200 um
and 400 um) were produced. The structure of ZnO-T nano-/microparticles is shown in Fig. 1A. The ready to
use microstent is presented in Fig. 1B, C.

Animals

All experiments were performed with female New Zealand White rabbits, 3 to 4 months old and weighing 1.5 to
2.5 kg. Animals were obtained from Charles River Laboratories (Sulzfeld, Germany) and acclimatized for at least
1 week before the experiments started. Prior to surgery, all animals were examined to exclude ocular diseases.
Intraocular pressure was measured with a rebound tonometer (iCare Finland Oy, Vantaa, Finland). Twelve
rabbits were subdivided into 4 groups (G1-G4) (Table 1). Each experimental group consisted of 3 animals. In
the first set of experiments only a short follow-up of 2 weeks was planned. The two experimental groups (G1;
G2) differed in the implanted size of the device (G1: 200 pm; G2: 400 um). These two different sizes were also
used for the second “medium-term” set of experiments with a follow-up of 6 weeks (G3: 200 pm; G4: 400 um).

Surgical procedure

All rabbits (n=12) received surgery on their right eye; the left eye was used as a control and received no surgical
intervention. Animals were given an intramuscular injection of a ketamine-medetomidine mixture (35 mg/kg and
25 mg/kg, respectively). Additionally, all animals received topical anesthesia (Conjuncain EDO®, Bausch&Lomb,
Berlin, Germany). All surgeries were performed by the same surgeon and assistant (Salvatore Grisanti and Ste-
fanie Gniesmer) using an operating microscope (Zeiss OPMI, Jena, Germany). A 90° limbus-based conjunctival
peritomy was made at 10 mm from the limbus in the superotemporal quadrant and the subconjunctival space
was dissected anteriorly using Westcott scissors. Diathermy was not necessary. A scleral tunnel was created with
a paracentesis starting from 1.5 mm posterior to the limbus and directed to the anterior chamber. A dispos-
able inserter device with a grip, a 27-gauge slotted needle, and a deployment slide were developed (Fig. 1D) to
facilitate insertion of the 200 pum sized implants. The 400 pm sized implants could be easily implanted using a
non-teethed forceps without insertion device.

The 200 pm drainage implants were preloaded into the inserter (Fig. 1D). The preloaded inserter was then
forwarded through the scleral tunnel. Once the implant was 3 mm in the anterior chamber, it was released from
the inserter by retracting the inserter needle. The distal end was then placed under the conjunctiva. The 400 pm
implants were easier to handle and placed in the same position by forceps. The conjunctiva was sutured with
10-0 Nylon in three cases at the opening site, because the implant appeared exposed. All implants were packaged
sterile before being placed in the eye.

Clinical evaluation

Clinical examination was performed by Slit lamp (Keeler 1td., Berkshire, United Kingdom) to evaluate the general
appearance of the treated eyes, to assess inflammatory reactions, local toxicity and ocular intolerance, implant
stability and to measure the IOP using the iCare® rebound tonometer (iCare™, Finland Oy, Vantaa, Finland).
All examinations were performed without general or topical anesthesia on day 0 (baseline, before surgery) and
day 1, 3,7, 10, and 14 (group G1-G4), as well as day 17, 21, 24, 28, 31, 35, 38, and 42 (group G3-4). Additionally,
the eyes were examined prior to scarification of the animals under general anesthesia. The IOP measurements
were performed in triplicates to minimize measurement errors. All measurements were taken during the day. To
exclude interindividual, cyclic and anesthesia-related variations, IOP was compared between the experimental
right eye and the control left eye.
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Figure 1. (A) Scanning electron microscope (SEM) shows the unique morphological structure of the tetrapods.
(B) SEM micrographs of cross-sections of 400 pm stents at a magnification of: top 500x, bottom 1500x.(C)
Photograph of the ready to use implants: top with 200 pm, bottom with 400 um diameter. Length 10 mm. (D)
Photograph of the inserter for the 200 um implants.

Group | Description Observation period (weeks)
Gl Implant with 200 um outer diameter (n=3)| 2
G2 Implant with 400 um outer diameter (n=3) | 2
G3 Implant with 200 um outer diameter (n=3)| 6
G4 Implant with 400 um outer diameter (n=3)| 6

Table 1. Study groups.

Statistics

Statistical analysis of the IOP values was performed using SPSS 26 software (SPSS Inc., Chicago, USA). Data were
tested by Shapiro-Wilk-Test for normality, and as they were not normally distributed, the Mann-Whitney-U-
Test for independent samples was used to compare postoperative IOP between operated and non-operated eyes.
a was 0.05 and levels of p <0.05 were considered statistically significant.

Histological evaluation

On postoperative day 14 (G1-G2) and 42 (G3-G4), animals were euthanized under general anesthesia with
Pentobarbital 300 mg/kg body weight and the eyes enucleated together with the conjunctiva to preserve the bleb.
The globes were immediately fixed in 10% formaldehyde for at least 24 h. Consequently, the eyes were examined,
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and a ring in the sagittal axis comprising the relevant area excised. Tissue samples were then dehydrated, embed-
ded in paraffin, and cut as 5 um serial sections.

For the hematoxylin-eosin staining, the sections were deparaffinized three times in xylene (J.T. Baker, Fisher
Scientific, Schwerte, Germany), rehydrated in a descending series of 99%-50% ethanol (Roth, Karlsruhe, Ger-
many) followed by distilled water for 5 min each, incubated in Meyer’s hematoxylin (Roth) for 7-10 min, and
washed for 5 min under lukewarm tap water, followed by 2 rinses for 2 min in distilled water. The sections were
then kept in 1% aqueous Erythrosin-B solution (Merck, Darmstadt, Germany), rinsed twice for 1 min each in
distilled water, dehydrated in an ascending series of 50-100% ethanol, kept three times for 5 min in xylene, and
mounted with Entellan (Merck).

For the Masson’s trichrome staining, the sections were deparaffinized and rehydrated as described above,
followed by an incubation for 1 h at 56°C in Bouin’s solution (75 ml saturated picric acid (Merck), 25 ml of
37-40% formaldehyde (Th. Geyer, Renningen, Germany), 5 ml glacial acetic acid (Merck)) and an incubation
for 10 min in Weigert’s hematoxylin (ROTH), with brief rinses under tap water and distilled water after every
incubation. The sections were then kept in Biebrich scarlet-acid fuchsin solution (90 ml of 1% Biebrich scarlet,
10 ml of 1% acid fuchsin, 1 ml glacial acetic acid, all purchased from Merck) for 5 min, rinsed in distilled water,
and incubated in a mixture of 2.5% phosphomolybdic acid—2.5% phosphotungstic acid (Roth) in distilled water
for 15 min. The sections were stained with aniline blue (Chroma Gesellschaft, Kéngen, Germany; 2.5 g aniline
blue dissolved in 2 ml glacial acetic acid and 100 ml distilled water) for 2 min and rinsed in distilled water. After
the incubation in 1% acetic acid (Roth) for 5 min, the sections were rehydrated as described above and mounted
in Rotihistol (ROTH).

Light microscopic images were acquired via a color camera (Leica, Wetzlar, Germany, model DFC 295) that
was attached to an inverted light microscope (Leica, model DMIL-LED) and by using the Leica Application Suite
software (version 4.13.0, Leica).

Results

Slit lamp examination and clinical biocompatibility

The postoperative phase was unremarkable in all 4 groups. None of the animals had signs of hypotony, hyphema
or inflammation extra- or intraocular. The implants showed a stable position in the anterior chamber. Migration
of the implant was not observed. The blebs were flat, but no external filtration was observed. At no time was there
any shallowing of the anterior chamber, nor was there any hyphema. No signs of inflammation occurred, neither
in the anterior chamber, nor at the implant site. Contact of the implant with the cornea or iris was not seen. There
were also no signs of corneal toxicity (no swelling or opacification). The tissue surrounding the implants did not
appear irritated. Due to the smooth and soft material of the microshunts, they adapted well to the curvature of
the eyes. The implants therefore appeared to be well tolerated (Fig. 2).

Tonometry

In G1 (short-term, 200 um diameter, Fig. 3A), the IOP was lower at all postoperative times in the operated eye

than in the non-operated eye, but statistical significance was solely present on day 14 (p=0.043, Fig. 3A, Table 2).
In G2 (short-term, 400 pm diameter, Fig. 3B), up to day 10, all IOP values of the operated eye were lower

than those of the non-operated eye (Table 2, Fig. 3B). This IOP-reduction was significant on day 1 (p=0.046), 3

(p=0.043) and 10 (p=0.034, Fig. 3B). On day 14 no IOP reduction could be seen.

B
F

Figure 2. Clinical examination of the eyes two (A) and six (B) weeks after surgery, revealed, that the
Microshunts (marked with black arrows) were in place without migration. No toxic changes nor inflammatory
reactions were seen extra- and intraocular.
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Figure 3. Intraocular pressure (IOP) of the operated right eye (blue) and the non-operated left eye (red),
presented for the groups G1-G4. IOP was measured immediately before (day 0) as well as after surgery on days
1-14 for the short-term groups G1 (A) and G2 (B), and additionally on day 17-42 for the medium-term groups
G3 (C) and G4 (D). (A) GI implant with 200 pm outer diameter. (B) G2 implant with 400 um outer diameter.
(C) G3 implant with 200 um outer diameter. (D) G4 implant with 400 pm outer diameter. Mann-Whitney-U-
Test. Statistically significant values are marked with *.

In G3 (medium-term, 200 pm diameter, Fig. 3C), IOPs were lower on the operated eye up to day 10 (Table 2).
The IOP reduction was statistically significant on day 1 (p=0.046) and day 3 (p =0.043). After 2 weeks, IOP
increased to preoperative levels (Fig. 3C and Table 2).
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I0P (mmHg)
Group Day1 Day 3 Day7 Day 10 Day 14 Day 17 Day 21 Day 24 Day 28 Day 31 Day 35 Day 38 Day 42
G1 (200 pm)
Operated | 4.33 3.33 4.67 3.67 3.67 _ B B B B B B _
eye (£1.15) (£0.58) (x£1.15) (£0.58) (£0.58)
Non-oper- | 4.70 4.70 5.67
ated eye (+2.10) (+0.60) 6.0 (£0.0) | 5.0(2.0) (+1.15) B - - B - - B B
G2 (400 pm)
Operated 3.33 4.33
oye 30(£10) | (1 58) (+058) 5.0 (£0.0) | 6.0 (x1.0) |- - - - - - - -
Non-oper- | 5.70 6.30 5.70 6.30
ated eye (+£0.60) (£1.20) (£0.60) (+£0.60) 60(10) |- - - - - - - N
G3 (200 pm)
Operated | 4.33 3.67 5.67 6.0 (+1.0) 6,67 6.33 9.33 6.67 7.0 (+1.0) 8.33 7.33 6.33 7.0
eye (£0.58) (+0.58) (£1.53) P (+£0.58) (+0.58) (£0.58) (£0.58) AR (£1.53) (£2.52) (£1.15) (£2.65)
Non-oper- 5.70 8.30 7.30 6,67 6.33 6.33 7.33
atedeye |01 1 hos0) |(1200 | (1200 |(oss) |7OGO0 |\ 7TEO60) 5y | (zoss) | (zoss) | SOEL7I|70(20) 170 (x10)
G4 (400 pm)
Operated | 3.67 533 4.33 6.67 6.33 6.67 7.33 5.66 6.33
eye (£058) | (+L15) | (t153) |FOGLO 15 0g) | O0ELT 60 (LTI BOGEL0) | (55 0g) | (2252) | (+2.08) | (£208) | (+2.08)
Non-oper- 6.30 7.33 8.67 7.67 7.33 533 6.67
ated eye 63(x06) |7.0(£10) |70(=30) | (7} 50 70(173)| (] 15 77 (£25) |} s3) 7.0(£265)| (1) 0g) (£2.08) (£2.08) (£2.31)

Table 2. Postoperative IOP measurements of groups G1-G4.

In G4 (medium-term, 400 um diameter, Fig. 3D), there was a similar trend of the IOP values as in G3
(Fig. 3D). A significantly lower IOP was observed on day 1 and day 3 (both p=0.043). Thereafter the IOP
increased and was at the preoperative level from day 14 (Fig. 3D, Table 2). Compared to the control eye, the IOP
of the operated eye was still lower up to day 31. However, this was no longer significant (Fig. 3D).

Histological results
After two (G1 and G2) and six (G3 and G4) weeks, various histological sections along the microshunt were
prepared and examined in Hematoxylin-Eosin (HE) and Masson staining as described above (Fig. 4).

After two weeks there was only a very mild cell reaction. Few cells were seen in the surrounding of the micros-
hunt, but they did not form a circular fibrotic capsule (Fig. 4A-D). The implant itself showed no cell colonization
(Fig. 4A-D). In particular, there was no evidence of excessive collagen deposition in both stainings. Furthermore,
there were no signs of infiltration with inflammatory cells or toxic changes such as necrotic or disrupted cell
morphology in sensitive structures such as the corneal endothelium or the retina (not shown).

After 6 weeks, few cells could be observed on the implant surface. In addition, more cells were found sur-
rounding the implant, but still no continuous capsule was present (Fig. 4E-H). In all sections examined, collagen
fibers could be seen at the implant-surrounding area. However, there was no evidence of inflammation or toxic
changes in any of the eyes, with a normal, well-preserved morphology of the adjacent tissue. Furthermore, we
did not observe any degradation of the implant and no abnormalities in the corneal endothelium.

Discussion

Our previous studies showed promising results in reducing wound healing by ZnO-T in vitro'>"”. Herein we
can demonstrate that this innovative composite material made of PDMS and ZnO-T has a good biocompat-
ibility with no clinical or microscopic detectable cytotoxic effects, without an inflammatory tissue reaction and
with only a very mild cellular foreign body response. The tissue-implant interface on postoperative day 42 dis-
closed a thin cellular layer, but no fibrotic reaction as known from other studies in a rabbit model'’. Nakamura
et al. compared the tissue response after subconjunctival implantation of disks of 4 devices made of different
materials: SIBS (Preserflo™), silicone (large-plate glaucoma implants), stainless steel (EX-PRESS®), and GACLC
(XEN™). After 12 weeks, silicone showed the lowest tissue reaction'®. This is in line with our results as our stent
is partially made of the silicone polydimethylsiloxane (PDMS), and contradicts the work of Acosta et al. who
reported less surrounding tissue reaction with SIBS tubes compared to silicone tubes. Van Mechelen et al., who
implanted the Preserflo™ stent in rabbit eyes, found that the bleb failed 2 weeks postoperatively at the latest due
to fibrotic responses'!. In contrast, Fujimoto et al. found only minimal scarring after Preserflo implantation and
observed functioning blebs even after 12 weeks '¢. The morphology of the blebs in this study was flat, but without
any external leakage. The suspected reason for this, is the slower flow with our implant compared to tube-like
implants. In preliminary tests, wider stents with 6 mm in diameter were made from ZnO-T and PDMS using a
different manufacturing process'’. They were tightly sealed in a silicone tube and a certain water pressure was
applied to the stents using compressed air and a pressure gauge. Starting at a pressure difference of 100 mbar, a
low flow rate of up to 0.1 ul/min was observed (not shown). These flow measurements are not possible on stents
shown in this study due to their small diameter, as they are manufactured directly in final dimensions (200 um
or 400 um in diameter) using the extrusion technology'®. The fact, that the IOP was postoperatively reduced,
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Figure 4. Microphotographs show the implant in its canal and the surrounding conjunctiva and sclera in
different sections. Left column Hematoxylin / Eosin (HE) staining, right column Masson staining. In the HE
stain, the implant is colored black and in the Masson stain, the implant is greyish. (A-D) after two weeks,
microphotographs showed no cells at the surface of the implant (marked with green arrows). A few cells were
seen on the canal wall (marked with black arrows). (E-H) after 6 weeks, HE microphotographs showed more
surrounding cells on the canal wall according to a discrete encapsulation (marked with black arrows). Besides,
on the surface of the implants a few cells were seen (marked with green arrows).

indicates the presence of outflow at the implant site. Due to the small diameter, the aqueous humour is supposed
to disseminate slowly in the subconjunctival space to be steadily absorbed, which explains the flat bleb.
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The rabbit filtering surgery model is known for its overwhelming fibrous reaction. In fact, other groups
using the same model had no significant IOP reduction at all. In the study from Acosta et al., a poly(styrene-b-
isobutylene-b-styrene) SIBS stent (Preserflo™) was compared to a silicone stent. With both stents, no significant
decrease in IOP was found within 1 week'. In another study, van Mechelen et al. also found no significant [OP
reduction after Preserflo™ implantation in rabbits compared to their non-operated eye!!. However, a third study
by Fujimoto et al. could show IOP lowering up to 12 weeks using the same stent'®. A comparison of the three
studies shows only minor differences in the surgical procedure.

Due to the minor depth of the anterior chamber in the rabbit model, we implanted our stent ab externo. Other
available stents such as the XEN™45 and XEN™63, on the other hand, are implanted ab interno®*?!. Shute et al.
used the ab interno approach of XEN implantation in dogs but, in contrast to our study, found no significant IOP
reduction®. An ab externo approach causes surgical trauma to the conjunctiva, which is minimized with the ab
interno approach?’. However, a retrospective study comparing Preserflo™ and XEN™45 found comparable IOP
reductions and surgical success for both stents in clinical use?’. Furthermore, a growing number of surgeons
implant the XEN Stent ab externo, because they find less bleb encapsulation than for the internal approach?.

In our study, we tested stents with two different outer diameters: 200 um and 400 pum. The reason therefore
was to verify (a) the feasibility of implantation of this material and (b) the volume and amount of material that
might induce an inflammatory or toxic reaction.

The lumenless design stands in contrast to other subconjunctival stents, such as XEN™45 or Preserflo™,
but compares to the supraciliary implanted Miniject®. This latter microshunt consists of a soft, spongy material
made of silicone. As far as it is known, it does not contain any other component, that suppresses a foreign body
reaction. This might be the reason, why the Miniject® was developed for the suprachoroidal space that appears
less responsive to wound healing?2.

As shown previously by our research group'?, the stents we used in our study have special physio-chemical
antiproliferative properties.

The stents with 75 wt % ZnO-T had elastic modulus values of around 15-20 MPa. This value is higher than
that of pure PDMS. The elongation at break is significantly reduced by the addition of 75 wt % of ZnO-T. The
stents exhibit ductile behaviour and have an elongation of approximately 30-50% before rupture and are there-
fore sufficiently stable'.

We also examined the potential release of zinc ions in a previous study. For a glass slide sample completely
covered with 75 wt% ZnO-T stents, the highest detected amount of dissolved Zn ions in the culture medium
was 2.55+0.27 pg/mL after 48 h. Thus, the amount of Zn ions released by a stent is very small and negligible'.

As we have shown previously, Zinc Oxide in tetrapodal form have cell-inhibiting properties'>!”. Due to the
particles protruding on the surface, many local contacts with cells occur, which leads to the destruction of the
cell membrane. Therefore, Zn ions have the ability to contribute to the cell-inhibiting properties in the environ-
ment of the stent'.

Though the results of this pilot study are quite promising, we need to note that, similar to the other above
mentioned studies'®'®?2, our number of implanted eyes is small, and that the analyzed time for biocompatibility
relatively short. Another limitation is the absence of a control group featuring an implant without ZnO-T. This
control group was omitted intentionally, as we previously compared stents made of PDMS only with stents made
of PDMS and ZnO-T in vitro and could show significantly fewer cells growing on the PDMS/ZnO-T stent'’.

In conclusion, this pilot study shows, that functionality and biocompatibility of our newly developed micro-
shunt are highly comparable and in certain aspects even better than reported in similar studies of devices, that
are already on the market. Our implant does not cause a negative tissue reaction. Despite these promising results,
further pre-clinical studies, such as long-term follow-up for several months in rabbit eyes, further improving
the stent’s design and geometry and optimizing the implantation details are planned prior to clinical testing.

Data availability
The datasets used and analyzed during the current study are available from the corresponding author on reason-
able request.
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