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Purpose:Microinvasive glaucoma surgery (MIGS) has become an important treatment
approach for primary open-angle glaucoma, although the safe and long-term effective
lowering of intraocular pressure with currently available implants for MIGS is not yet
achieved to a satisfactory extent. The study focusses on the development and in vitro
and in vivo testing of a novel microstent for MIGS.

Methods: A silicone elastomer-based microstent was developed. Implants were
manufactured using dip coating, fs-laser cutting, and spray coating. Within the current
study no antifibrotic drug was loaded into the device. Sterilized microstents were
analyzed in vitro regarding pressure–flow characteristics and biocompatibility. Six New
Zealand white rabbits were implanted with a microstent draining the aqueous humor
from the anterior chamber into the subconjunctival space. Drainage efficacy was
evaluated using oculopressure tonometry as a transient glaucoma model. Noninvasive
imaging was performed.

Results:Microstentsweremanufactured successfully and characterized in vitro. Implan-
tation in vivo was successful for four animals with additional device fixation. Without
additional fixation, dislocation of microstents was found in two animals. Safe and
effective intraocular pressure reduction was observed for the four eyes with correctly
implanted microstent during the 6-month trial period.

Conclusions: The described microstent represents an innovative treatment approach
for MIGS. The incorporation of a selectively antifibrotic drug into the microstent drug-
elutable coating will be addressed in future investigations.

Translational Relevance: The current preclinical study successfully provided proof of
concept for our microstent for MIGS which is suitable for safe and effective intraocular
pressure reduction and offers promising perspectives for the clinical management of
glaucoma.

Introduction

Glaucoma represents a widespread disease and
a main cause of vision impairment and irreversible

blindness worldwide.1 Lowering of the intraocular
pressure (IOP) to a patient-specific target value is the
basis of all therapeutic approaches to prevent further
progression of structural damage and functional visual
deficiencies.2
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Topical application of medication serves as the
primary treatment option for patients suffering from
primary open angle glaucoma, the most prevalent
form.3,4 Laser trabeculoplasty as an alternative safe
and effective first-line treatment or surgical proce-
dures such as trabeculectomy are also used in case
of insufficient IOP reduction. Since the introduc-
tion of glaucoma drainage devices (GDD) in 1969
by Molteno,5 these implants are used increasingly in
glaucoma surgery. Conventional GDD in a tube and
plate design drain aqueous humor from the anterior
chamber of the eye into the subconjunctival space
using a silicone drainage tube. A polymeric plate that
is partly equipped with a valve mechanism stretches
out the outflow area. Commercially available devices of
this type include Molteno (Molteno Ophthalmic Ltd.,
Dunedin, New Zealand), Baerveldt (Abbott Medical
Optics Inc., Irvine, CA), or Ahmed (New World
Medical Inc., Rancho Cucamonga, CA).5,6 Currently,
implants for microinvasive glaucoma surgery (MIGS)
are increasingly used as a promising alternative to
conventional GDD. MIGS devices are implanted by
means of a minimally invasive approach ab interno
using a clear corneal incision, exclusively. Therefore,
ocular traumas, that is, surgically induced lesions to
the eye caused by the implantation process, as well
as postoperative complication rates, are decreased
compared with conventional surgery and conventional
GDD.2,7 MIGS devices such as iStent or iStent inject
(Glaukos Inc., San Clemente, CA), CyPass micros-
tent (Alcon Inc., Fort Worth, TX), which was recently
withdrawn from the market because of severe side
effects, or XEN gel stent (Allergan PLC, Dublin,
Ireland) enable a drainage of aqueous humor from the
anterior chamber of the eye into Schlemm’s canal and
the suprachoroidal and subconjunctival space, respec-
tively.

Early postoperative hypotony is known as a major
limitation of GDD and MIGS devices.7–13 Fibrosis-
induced occlusion and consecutive implant failure
represents a second limitation of current generation
devices.14–17 As a further complication, safety issues
with regard to corneal endothelial cell loss have been
reported, like in case of the CyPass microstent.18

As an innovative treatment approach, our group
focusses on the development of a minimally invasive
implantable valve-controlled microstent for MIGS.
Our unique patent-registered micromechanical
valve mechanism for safe IOP regulation has been
described previously.19 The drug-elutable coating of
the device can be loaded with antifibrotic drugs, such
as pirfenidone (PFD), which successfully found its way
in ophthalmological applications.20,21,22 Furthermore,
our new therapy concept is based on a minimally

invasive implantation procedure.23 The current work
focuses on the development, design, and testing of our
valve-controlled drug-elutable microstent for MIGS.
The soft polymeric device is designed for drainage
of aqueous humor from the anterior chamber of the
eye into subconjunctival space. Microstent prototypes
were manufactured in laboratory scale by means of
dip coating, fs-laser cutting, and spray coating. Within
the current study, no antifibrotic drug was loaded into
the drug-elutable coating. Further processing includes
sterilization bymeans of ethylene oxide. In vitro testing
was conducted in accordance to ANSI Z80.27-2014
and the 2015 Guidance for Industry and Food and
Drug Administration Staff “Premarket Studies of
Implantable Minimally Invasive Glaucoma Surgical
(MIGS) Devices” (2015 FDA Guidance). Biocom-
patibility of microstent material was analyzed using
human primary fibroblasts.24 Safety and efficacy of
fully processed minimally invasive implanted micros-
tents were analyzed in rabbits in vivo for a trial period
of 6 months. The primary aim of the current work
was to evaluate our in-house developed microstent for
the treatment of glaucoma in vitro and in vivo, which
avoids crucial disadvantages of glaucoma implants
already on the market by decreasing side effects to
guarantee long-term functionality of the implant.

Methods

Concept and Design of Microstents

The concept of our microstent for MIGS has been
described previously (Fig. 1).19,22 The flexible tubular
microstent is composed of a polycarbonate-based
silicone elastomer and shunts the anterior chamber
of the eye to the subconjunctival space. According
to Hagen Poiseuille’s law for stationary laminar flow
of a Newtonian fluid in a pipe with a circular cross-
section, a volume flow of approximately 680 μL min−1

would be expected for a simple tube with the dimen-
sions of our microstent. Therefore, for the preven-
tion of ocular hypotony, a pressure-controlled valve
is located in the inflow area of the device, while the
tubing inflow lumen is sealed.19 The outflow area of the
device includes a drug-elutable coating for the preven-
tion of fibrosis, presupposing that an antifibrotic agent
is incorporated into the coating.21,22 However, within
the current work we focused on a microstent control
group with no antifibrotic drug incorporated into the
coating. Irrespective of this, within the current study
the drug-elutable coating was produced in the same
way as planned in future test groups with incorporated
antifibrotic drugs.
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Figure 1. Concept of a minimally invasive implantable valve-controlled drug-elutable microstent for glaucoma therapy. (a) Schematic
representationof thepositionof themicrostent fordrainageof aqueoushumor fromtheanterior chamberof theeye into the subconjunctival
space. (b) Cross-sectional and top view of microstent geometry: tubular base body (inner diameter 200 μm, outer diameter 360 μm, length
10mm) in blue with sealed inflow lumen and pressure-controlled valve mechanism in the inflow area and drug-elutable coating (orange) in
the outflow area (length of drug-elutable coating 6 mm). Valve dimensions in μm. (c) Valve configuration in cross-sectional isometric view:
valve closed andminor drainage at a low pressure difference between the anterior chamber of the eye and the subconjunctival space (left),
valve opening and minor drainage at a physiological pressure difference of 10 mm Hg (middle) and valve opened and maximum drainage
at a high pressure difference (right).

Geometrical dimensioning of the pressure
controlled valve was conducted using a finite element
analysis (FEA, ABAQUS 2020, Dassault Systèmes SE,
Vélizy-Villacoublay, France) as methodically described
previously.19 Considering a physiological pressure
difference between the anterior chamber of the eye

and the subconjunctival space, a valve opening and a
closing pressure of 10 mm Hg was aspired. For the
adjustment of the valve characteristics, geometric valve
length was varied in the range of 300 μm ≤ lv ≤ 700
μm (Fig. 1). Material characteristics as input value for
FEA were determined by means of tensile testing
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(BZ 2.5/TN1S, Zwick GmbH & Co. KG, Ulm,
Germany) of polymeric cast film samples with a
thickness of 61 ± 8 μm (n = 3) in water at 35 ± 2°C.
Hyperelastic material behavior was implemented in
FEA using a polynomial strain energy potential of
second order and a Poisson ratio of ν = 0.45.

Manufacturing of Microstents,
Morphological Characterization, and
Pressure–Flow Characterization In Vitro

The manufacturing of the microstents was based
on dip coating (KSV NIMA Dip Coater, Biolin Scien-
tific Holding AB, Stockholm, Sweden) of tubular
polymeric base bodies (inner diameter of 200 μm,
outer diameter of 360 μm, length l = 10 mm) using
stainless steel 200-μm dipping mandrels. A chloro-
form based 4% (w/v) solution of polycarbonate based
silicone elastomer was used.23 Drying was conducted
in vacuum for four days at 40°C. Dipping mandrels
were removed and sealing of microstent inflow lumen
was conducted by subsequent dipping of base bodies
into the previously described polymer solution.Diame-
ter measurement of base bodies was performed using
a biaxial laser scanner (ODAC 32 XY, Zumbach
Electronic AG, Orpund, Switzerland). For manufac-
turing of flap valve mechanisms an fs-laser setup was
used as described previously.19

The design of the drug-elutable coating of our
microstent for MIGS refers to Jung and Park.20,22
Within the current work, a control groupwith a coating
without the antifibrotic drug PFD incorporated is
described. Therefore, microstents were spray coated
with an aspired mass of m = 89 μg of the above
described polymer solution.22 The mass of the coated
and dried microstents was measured using an ultra-
microbalance (XP6U, Mettler-Toledo International,
Inc., Greifensee, Switzerland). Microstent sterilization
was performed using ethylene oxide.

Microstent prototypes were analyzed by means of
scanning electron microscopy (Quattro S, Thermo
Fisher Scientific, Waltham, MA) in low vacuum mode
without using conductive coating. The volumetric flow
rate through the microstent as a function of the
pressure difference was measured in vitro according to
ANSI Z80.27-2014 and the 2015 US Food and Drug
Administration guidance. Pressure–flow characteriza-
tion was conducted using an in-house developed test
setup (SupplementaryMaterial S1).19 Microstents were
pressurized in the range of 0mmHg≤ �p≤ 21mmHg
in steps of 1 mm Hg and the volumetric flow rate was
measured. The analysis was conducted using ultrapure
water at 35 ± 2°C.

Preclinical Testing of Microstents In Vivo

Animal Model
Animal experiments were approved by the govern-

mental ethical board for animal research (Landesamt
für Landwirtschaft, Lebensmittelsicherheit und
Fischerei, Mecklenburg-Vorpommern, Germany;
No.7221.3-1-005/18) and carried out in accordance
with the EU-directive 2010/63/EU. The authors
complied with the ARRIVE guidelines. Six healthy
adult female New Zealand white rabbits (Charles
River, Sulzfeld, Germany) weighing 3.03 ± 0.17 kg
at the beginning of experiments were included. The
animals housed in standard cages at 18 ± 3°C under a
12-hour light/dark cycle, with free access to water and
a standard diet, without fasting on experimental days.

Surgical Procedure
The surgical procedure was tested extensively ex

vivo, leading to a complete implantation within 20
minutes. Briefly, microstents were inserted through
a temporoinferior paracentesis using an in-house
developed applicator which was described in detail
elsewhere.23 The applicator device is based on a 22G
× 11

2” cannulated needle (Sterican, B. Braun Melsun-
gen AG,Melsungen, Germany) attached to a handgrip
including the release mechanism for the microstent,
loaded inside the tip of the cannulated needle.22,23 The
design of the injector device allows the use of a fresh
sterile cannulated needle after each implantation.

The surgical implantation process is schematically
demonstrated in Figure 2. The cannulated needle of
the applicator penetrated the iridocorneal angle and
the sclera (Fig. 2c). For microstent release under the
conjunctiva, the applicator device enables the micros-
tent to be held in position and the cannula to be
withdrawn in the process, leaving the inflow ending
in the anterior chamber (Fig. 2e), ensuring drainage
into the subconjunctival space.Microsurgical access via
the conjunctiva was created and the microstents were
mattress suture fixated onto the sclera (Fig. 2f) using
10-0 nylon (MPZ671, Ethicon, Johnson & Johnson
Medical GmbH, Norderstedt, Germany) to prevent
dislocation.

For in vivo implantations, animals were sedated
using a subcutaneous injection of 50 mg kg−1

ketamine 10% (Belapharm GmbH & Co. KG, Vechta,
Germany) and 5 mg kg−1 xylazine 2% (Rompun,
Bayer Vital GmbH, Leverkusen, Germany). Animals
were implanted with one microstent into the right
(treated) eye. The left (untreated) eye remained without
an implant and served as a control. All implanta-
tions were performed by the same surgeon. After stent
implantation, antibiotic eye drops (Dexa-Gentamicin,
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Figure 2. Schematic drawing of minimally invasive microstent implantation into the subconjunctival space. (a) Preoperative situation. (b)
Expansion of subconjunctival space by NaCl injection using a 27G cannula. (c) Clear corneal paracentesis and insertion of the microstent
applicator device. (d, e) Release of the microstent. (f ) Microsurgical access via the conjunctiva and suture fixation of microstent onto the
sclera. (g) Suture fixation of conjunctiva. (h) Postoperative situation.

Ursapharm GmbH, Saarbrücken, Germany) were
administered postsurgically to the treated eye three
times a day for 5 days.

Noninvasive Measurement of IOP
A rebound tonometer (TA01, Icare Finland Oy,

Vantaa, Finland) was used for noninvasive measure-
ment of IOP. To adapt measured IOP values pIcare
considering rabbit cornea stiffness, recorded values
were corrected by a linear function as described
elsewhere.25 IOPmeasurement was conducted once per
week, 4 weeks before and 21 weeks after surgery in both
eyes. IOP values represent an arithmetic mean of six
single measurements.

Oculopressure Tonometry (OPT) as a Transient
GlaucomaModel

For functionality testing of the implanted micros-
tents, OPT was applied as an existing method to
quantify retinal and ciliary blood pressures as well
as perfusion pressures in humans.26,27 A suction
cup oculopressor (Fa. B. Boucke, Medizin-Elektronik,
Tübingen, Germany) approved in human medicine,
consisting of a vacuum pump that is connected to
the eyeball by a flexible tube, was used. The suction
cup was adjusted to the anatomy of the rabbit eye as
described elsewhere.28 Briefly, the suction cup oculo-
pressor was used to increase the IOP about 40 mm Hg
during an examination period of eight minutes. Before
IOP increase using a suction cup oculopressor, the
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Figure 3. OPT as transient in vivo glaucoma model. (a) OPT measurement setup for the analysis of New Zealand white rabbit’s eyes. (b)
Detail of the analyzed eye during OPT. Components of OPT measurement setup: suction cup oculopressor (SCOP) (A), hose fitting to SCOP
(B), suction cup on eyeball (C) and rebound tonometer (D).

initial baseline IOP was measured. During OPT, the
IOP was measured using the rebound tonometer
(Fig. 3). To record pressure decay during OPT, the
IOP was measured every minute. Finally, IOP was
recorded eight minutes after termination of OPT.
Upon completion of a series of measurements a
moisturizing gel (Vidisic; Bausch & Lomb GmbH,
Berlin, Germany) was applied to the eyes. In total,
OPT was performed under general anesthesia as
already described above, at 4 weeks postoperatively
and subsequently every 4 weeks until the end of the
study.

Noninvasive Imaging by Optical Coherence Tomogra-
phy (OCT) and Magnetic Resonance Imaging (MRI)

All imaging was performed under general anesthe-
sia as already described above. OCT (SOCT Coperni-
cus; OPTOPOL Technology S.A., Zawiercie, Poland;
wavelength 840 nm, axial resolution 6 μm, and
transversal resolution of 12–18 μm) was performed
bilaterally on all rabbit eyes. To visualize the irido-
corneal angle, including the inflow area of the
implanted microstent in case of operated eyes, the
animals were positioned upright in front of the device
and the eye was opened by a lid speculum for OCT
examination. OCT was carried out 2 weeks as well as
4 weeks after surgery and then subsequently every 4
weeks until the end of the study to evaluate the correct
position of the implants and to detect implant disloca-
tions at an early stage.

MRI of the microstents was performed with an
ultrahigh field small animal MR scanner (7 Tesla,
BioSpec 70/30 USR, gradient: BGA 20S, gradient
strength: 200 mT/m, Bruker BioSpin MRI GmbH,
Bremen, Germany) equipped with a 152-mm (inner
diameter) volume resonator in transmit-only mode,
and a 2 × 2 receive-only surface coil in receive mode

(both Bruker). Animal eyes were imaged in coronal and
sagittal slice orientation using a T2-weighted Turbo-
RARE sequence (TE/TR = 35/4000 ms, rare factor =
8, averages = 1, field of view = 20 × 18.7 mm, matrix
= 133× 125, slice thickness= 1.0 mm, in-plane resolu-
tion = 150 μm × 150 μm).

For theMRImeasurement, the breathing rate of the
rabbits was monitored (Model 1030, SA Instruments
Inc., Stony Brook, NY) during the scans. To prevent
eyes from drying Vidisic eye gel (Bausch & Lomb Inc.,
Rochester, NY) was used and the lids were carefully
shut. The surface coil was placed proximal to the closed
eye. The firstMRI was conducted 4 weeks after surgery
and subsequently every 4 weeks until the end of the
study.

Statistical Analyses
In general, data from the in vitro and in vivo exper-

iments are presented as mean ± standard deviation
(SD). In the in vivo experiments, the total number of
six tested New Zealand white rabbits was divided into
two groups of n = 4 and n = 2 animals. Because of
the small number of animals, no statistical comparisons
were made for the in vivo experiments.

Results

DevelopedMicrostents: Morphological
Characterization and Pressure–Flow
Characterization In Vitro

Microstent base material shows a stress-strain
behavior typical for elastomers, characterized by an
elastic modulus E = (4.2 ± 0.4) N mm−2, a tensile
strength σm = (57.6 ± 9.3) N mm−2, and an elonga-
tion at break of εB = (950.5 ± 78.7)%, n = 3,
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respectively. The influence of the geometrical valve
length on the valve opening pressure was investigated
as part of a parameter study by means of FEA.
Using a valve length of lv = 410 μm, the desired valve
opening pressure of 10mmHg, corresponding with the
physiological pressure difference between the anterior
chamber of the eye and the subconjunctival space, is
achieved (Fig. 4a).

Manufacturing of microstent base bodies yields a
reproducible inner diameter of 200 ± 0 μm and an
outer diameter of 359 ± 7 μm (n = 12). The targeted
valve dimensions, according to the FEA, were achieved
by fs-laser manufacturing. Coating of microstents
yields a smooth surface and a coating mass of m = 93
± 11 μg (n = 12) after drying. Scanning electron micro-
graphs of a representative valve-controlled microstent
prototype are shown in Fig. 4b.

A representative pressure–flow curve resulting from
fluid mechanic characterization of microstent proto-
types is shown in Figure 4c. Valve opening and closing
pressures of po = 10 ± 2 mm Hg and pc = 11 ±
1 mm Hg were determined at the intersection of the
tangents applied to the pressure–flow curves (n = 4),
respectively.

Preclinical Testing of Microstents In Vivo

Microstent Implantation
Before preclinical testing of microstents in vivo,

biocompatibility of microstent material was proven
(see Supplementary Material S2). Valve-controlled
microstents were implanted into the subconjunc-
tival space using a scleral fixation as described
in Figure 2 (n = 4; group A, stent positionally

Figure 4. (a) Results of FEAparameter study for geometrical dimensioning of pressure controlled valve. Influence of the valve length on the
valve deflection at the aspired valve opening pressure of 10 mm Hg. Considering a wall thickness of 80 μm, a minimum valve deflection of
80 μm is necessary for valve opening. Therefore, a valve length of 410 μm is needed. (b) Scanning electronmicroscopy of a finally processed
microstent prototype: sealed inflow lumen and valve in the inflow area (Detail A), transition between uncoated (Detail B) and coated area
(Detail C). (c) Exemplary pressure–flow curve of a valve-controlled microstent measured at 35 ± 2°C using ultrapure water as flow medium.
Pressurization and depressurization in the range of 0 mm Hg ≤ �p ≤ 21 mm Hg indicated by arrowheads. Determination of valve opening
pressure po and valve closing pressure pc at the intersection of the tangents applied to the pressure–flow curves, respectively.
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Figure 5. IOP values (mean ± SD; n = 6 recordings per animal and point in time) of right treated eyes (green square/green bar) and left
untreated control eyes (black square/black bar) during the trial period of 6 months (left) and summarized before and after surgery (right). (a)
Group A: microstents positionally stable (n = 4 rabbits) and (b) group B: microstents migrated/dislocated (n = 2 rabbits).

stable) and without scleral fixation (n = 2; group B,
stent migrated/dislocated). A step-by-step intraopera-
tive photo documentation is given in Supplementary
Material S3.

All rabbits showed chemosis of the conjunctiva and
mild corneal edema 24 hours after implantation. A
prominently formed filtering bleb and swollen upper
eyelid was observed to recede after 48 hours. On
postoperative day 5, the conjunctiva was irritation free,
the cornea was smooth and clear, and the filtering bleb
flat. The initially implanted two microstents (group B)
were not fixated to the sclera and migrated into the
anterior chamber without any signs of infection. Four
consecutively implanted microstents (group A) were
suture fixated onto the sclera to prevent dislocation.No
pathological findings were reported for the untreated
left control eyes in all animals during the whole trial
period of 6 months. All animals survived until the end
of the study. No wound associated complications were
observed. After a 6-month trial period animals reached
a body weight of 3.95 ± 0.32 kg (n = 6).

IOP Monitoring
Before surgery, comparable IOP values were

measured in left eyes (pleft = 13.12 ± 0.93 mmHg) and

right eyes (pright = 12.97 ± 1.46 mm Hg) of all animals
(n = 6). After surgery, the IOP in the left (untreated)
eyes (control eyes) stays constantly on the preoperative
level in all animals (pleft = 12.91 ± 0.77 mmHg; n = 6).
Therefore, any IOP change in the right (treated) eyes is
associated with the microstent implantation. Compar-
ing IOP values before and after surgery, a percentage
difference in the left (untreated) eyes (control eyes)
of 0.1% (group A; n = 4) and 3.1% (group B; n = 2)
was found. In the right (treated) eyes, a percentage
difference before and after surgery of 9.5% (group A;
n = 4) and 20.8% (group B; n = 2) was found (Fig. 5).

Microstent Performance Under Transient Glaucoma
Conditions

Before OPT, the baseline IOP was measured on
the anesthetized rabbits. In general, IOP values of
anesthetized rabbits are on average 3.56 ± 1.79 mmHg
lower compared with IOP values measured on rabbits
awake. During OPT, a greater IOP increase was found
in the left (untreated) eyes (control eyes) comparedwith
the right (treated) eyes. During 8 minutes of OPT, IOP
values decreased continuously for untreated control
eyes (left eyes) and right (treated) eyes. After OPT, the
baseline IOP in both eyes was reachedwithin 8minutes.
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Figure 6. IOP values (mean ± SD; n = 6 recordings per animal and point in time) of right treated eyes (green square) and left untreated
control eyes (black square) during the postoperative trial period (points in time: 4, 8, 12, 16, and 20 weeks postoperatively). (a) Group A:
microstents positionally stable (n = 4 rabbits) and (b) group B: microstents migrated/dislocated (n = 2 rabbits).
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Figure 7. (a, b) Representative OCT imaging of an implanted microstent (S) inside the anterior chamber of a rabbit eye between cornea
(Co) and iris (I): (a) longitudinal and (b) cross sectional imaging. (c–e) Representative ultrahigh field MRI of a rabbit eye implanted with a
microstent: longitudinal (c), cross-sectional, (d) and frontal (e) views. An anatomically correct placement of themicrostent inside the anterior
chamber of the eye and inside the subconjunctival space was found.

The effects found duringOPT remain equal throughout
the whole 6-month (20-week) trial period, in group A
and group B. IOP values recorded during OPT on right
(treated) eyes and left (untreated) eyes (control eyes)
4, 8, 12, 16, and 20 weeks postoperatively are shown
in Figure 6, for group A and group B.

Microstent Position Inside the Eye
Adequate microstent positioning inside the anterior

chamber of a representative rabbit eye is shown
in Figure 7a, b. The proximal microstent ending is
located freely in the anterior chamber without any
contact with the corneal endothelium. A representative
ultrahigh field MRI of a microstent implanted into a
rabbit eye is shown in Figure 7c–e. Adequate micros-
tent positioning inside the anterior chamber of the eye
and inside the subconjunctival space was found in all
four animals of group A.

Discussion

MIGS currently represents a promising treatment
approach for primary open-angle glaucoma. There

are fundamental advantages of MIGS over conven-
tional surgical glaucoma procedures: (i) the ab interno
approach is based on a clear corneal incision without
the need for a conjunctival perforation, (ii) the atrau-
matic procedure minimizes the operating field and
therefore offers possibilities for a rapid patient recov-
ery as well as for future surgical reinterventions, and
(iii) there is a favorable safety profile. As soon as it
will be possible to achieve a permanent drainage with
MIGS, and thereby physiological IOP values, these
procedures would be able to replace the classical and
currently still considered gold standard surgical inter-
ventions such as trabeculectomy or deep sclerectomy,
as well as conventional GDD. This factor empha-
sizes the clinical relevance and importance of MIGS.
Nevertheless, commercially available devices such as
the iStent, the iStent inject, or the XEN gel stent still
do not represent a universally applicable safe solution
for a long-term and effective IOP reduction.2,7,18 In this
regard, several studies reported remarkable hypotony
rates after MIGS implantation. After CyPass implan-
tation, hypotony rates ranging from 13.8% to 15.4%
were reported.7,10 In 9%of Xen gel stent implantations,
patients needed a postoperative anterior chamber refill
to stabilize IOP.12 For the iStent, an incidence for
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postoperative hypotension of 1% has been described in
combined glaucoma and cataract surgery.13 In case of
the conventional GDD,Ahmed glaucoma valve 12% of
the patients suffer from transient hypotony.8

Devices for the drainage of aqueous humor from
the anterior chamber of the eye into the Schlemm’s
canal or into suprachoroidal space represent the most
physiological approach with regard to natural fluid
circulation inside the eye. Nevertheless, owing to a
favorably high pressure difference between the anterior
chamber and the subconjunctival space, devices drain-
ing into this area are most promising in the treatment
of glaucoma. Because atmospheric pressure is present
inside the subconjunctival space, the pressure differ-
ence to the anterior chamber corresponds with an IOP
of 15.5 ± 2.8 mm Hg in healthy patients.29 Neverthe-
less, bleb formation and fibrotic tissue reaction poten-
tially add resistance to fluid drainage by decreasing
the pressure difference. Therefore, antifibrotic micros-
tent concepts represent a promising approach for an
innovative device based MIGS. If the microstent tube
were fully open, according toHagen Poiseuille’s law the
expected volumetric flow rate extends the physiolog-
ical aqueous humor production of approximately 2.5
μL min−1 by more than two orders of magnitude and,
therefore, an ocular hypotony would be highly proba-
ble.29,30 Considering ocular boundary conditions, the
flow resistance of a constantly draining GDD should
be approximately 6 mm Hg/μL min−1 (flow resis-
tance = pressure difference/volume flow). For a need-
based discontinuous drainage, a pressure adapted flow
resistance of a GDD would be highly desirable. In
this regard, different experimental valve mechanisms
for GDD are described in literature.30–34 Neverthe-
less, the surgically implanted Ahmed glaucoma valve
currently represents the only commercially available
valved GDDwith a pressure dependent flow resistance
ranging from 2.86 mm Hg/μL min−1 (valve closed)
to 0.05 mm Hg/μL min−1 (valve opened).35 Within
the current work, we developed a pressure-controlled
valvemechanismwith a comparable flow resistance.We
found a microstent flow resistance ranging from 2.65
± 1.63 mm Hg/μL min−1 (valve closed) to 0.19 ± 0.05
mm Hg/μL min−1 (valve opened; n = 4). Therefore,
the developed pressure-controlled valve represents an
effective device for safe IOP regulation within physio-
logical boundaries, that is, for the prevention of ocular
hypotony.

Requirements forGDDcan be found inside interna-
tional standards and guidelines such as ANSI Z80.27-
2014 or the 2015 US Food and Drug Administra-
tion guidance. Our in-house developed test setup for
pressure flow characterization of GDD represents a
further development of the previously described test

setup now allowing for an online measurement over a
broad range of pressure and volumetric flow rates.19,36

In addition to the adapted fluid mechanical proper-
ties of GDD, biocompatibility plays a key role. In
this regard, polycarbonate urethanes represent a group
of materials featuring excellent mechanical properties
and biocompatibility that has resulted in a wide range
of applications in the medical device segment.37–41
Our study of the cytotoxicity of polycarbonate-based
silicone elastomer using primary fibroblasts isolated
from the human eye proved that this material is also
suitable for ophthalmological applications. In addition,
negative influences of microstent processing on cell
viability could be excluded by the L929 eluate test on
the prototypes (Supplementary Material S2).

As a consecutive step based on the in vitro exper-
iments, in vivo animal experiments were carried out.
IOP of rabbit eyes was analyzed as a major indica-
tor of microstent safety and efficacy. Measurement
of the IOP was conducted weekly on awake animals
and monthly on anesthetized animals during OPT as
a transient glaucoma model.28 We observed a slightly
decreased IOP in anesthetized rabbits compared with
rabbits awake. This influence of general anesthetics on
IOP has been described previously in the literature.42,43
Thereby, the rebound tonometer used reaches its lower
measurement range in anesthetized rabbit.

In general, microstent implantation results in a
decrease in the IOP of treated right eyes versus left
control eyes over the entire trial period of 6 months.
In group A (microstents positionally stable), the IOP
was decreased by approximately 10% in eyes implanted
with amicrostent compared with control eyes. The IOP
in the eyes with implanted microstents was success-
fully regulated at approximately 12 mm Hg, close
to the opening and closing pressure of the pressure-
controlled valve. In group B (microstents migrated or
dislocated) we found an IOP decrease of approximately
20% with IOP values of approximately 10 mm Hg in
the treated eye. In case of group B, there was proba-
bly unregulated drainage through an undefined wound
channel. No hypotony was found, either. In a clinical
setting with glaucoma patients, the microstent offers
perspectives for safe IOP regulation, whereas a wound
channel remaining after microstent dislocation would
probably lead to hypotension.

The current in vivo study was performed on healthy
nonglaucomatous rabbits. Therefore, OPT was used
as a transient glaucoma model. During OPT, there
is an IOP decrease in untreated left eyes (control
eyes) and in right eyes, implanted with a microstent.
However, an IOP decrease is much more pronounced
in eyes implanted with a microstent (group A). This
positive effect persists throughout the entire 6-month
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trial period and can be seen as an in vivo proof
of concept for the microstent. In group B (micros-
tents migrated or dislocated) a comparable effect was
found, probably owing to drainage through the wound
channel.

The developed MIGS procedure enables a safe
microstent positioning inside the anterior chamber of
the eye and inside the subconjunctival space, proven
by means of in vivo imaging. No contact between
microstents and the corneal endothelium was found
within the current study, which has already led to the
withdrawal of a MIGS implant from the market.18
Our very flexible device adapts well to the curvature
of the eyeball. Therefore, corneal endothelial cell loss
is unlikely. Regardless, there is a risk of endothelial cell
loss with any invasive operation on the eye. Therefore,
endothelial cell count represents an important analy-
sis for safety evaluation of novel GDDs and should be
included in future studies.

The fixation of microstents in vivo represents
a major limitation of the current study. Conse-
quently, additional suture fixation was necessary
for safe microstent placement. Commercially avail-
able devices for MIGS include various strategies for
fixation. For example, the XEN Gel Stent fixates
inside the MIGS wound channel by swelling of the
device base material, cross-linked porcine gelatin,
in the aqueous intraocular environment. Neverthe-
less, dislocation-associated complications cannot be
completely avoided currently.44 To avoid micros-
tent dislocations in future studies, a limbal fixation
mechanism that is compatible with our micros-
tent and the applicator device is being developed
currently.45

During the 21-week trial period, there were no
noticeable changes in aqueous humor dynamics found
in OPT measurements. Therefore, it is expected that
there has been no marked fibrosis. Histological charac-
terization of explanted eyes will give information on
that in consecutive work. Nevertheless, it is known
that fibrosis represents a major long-term complica-
tion in the clinical use of GDD.7,46 For the preven-
tion of fibrosis, cytostatic drugs such as mitomycin C
or 5-fluorouracil are widely used in surgical glaucoma
therapy but side effects of these unspecific agents
are common.47 Recent studies suggest, a positive
effect of specific antifibrotic drugs such as PFD
with regard to the prevention of fibrosis.20,21 As an
approved drug for human application, PFD repre-
sents a promising approach for glaucoma therapy.48
Therefore, future in vivo studies will focus on the
use of our drug-elutable microstent with the selec-
tively antifibrotic drug PFD incorporated into its
coating.22

Conclusions

The current preclinical study successfully provided
a proof of concept for our novel valve-controlled
microstent for MIGS. The microstent as well as the
appliedMIGS procedure are suitable for safe and effec-
tive IOP reduction. In contrast to commercially avail-
able devices for MIGS, safe IOP regulation within a
physiological range is made possible. Furthermore, the
future combination of the drug-elutable coating with
a specific antifibrotic drug offers great potential for a
long-term stable drainage efficiency in a clinical setting.
The unique valve-controlled drug-elutable microstent
offers promising perspectives for the clinical manage-
ment of glaucoma as a novel treatment approach for
MIGS.
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