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To prevent implant failure due to fibrosis is a major objective in glaucoma research. The
present study investigated the antifibrotic effects of paclitaxel (PTX), caffeic acid phenethyl
ester (CAPE), and pirfenidone (PFD) coated microstent test specimens in a rat model. Test
specimens based on a biodegradable blend of poly(4-hydroxybutyrate) biopolymer and at-
actic poly(3-hydroxybutyrate) (at.P(3HB)) were manufactured, equipped with local drug de-
livery (LDD) coatings, and implanted in the subcutaneous white fat depot. Postoperatively,
test specimens were explanted and analyzed for residual drug content. Fat depots includ-
ing the test specimens were histologically analyzed. In vitro drug release studies revealed an
initial burst for LDD devices. In vivo, slow drug release of PTX was found, whereas it already
completed 1 week postoperatively for CAPE and PFD LDD devices. Histological examina-
tions revealed a massive cell infiltration in the periphery of the test specimens. Compact
fibrotic capsules around the LDD devices were detectable at 4–36 weeks and least pro-
nounced around PFD-coated specimens. Capsules stained positive for extracellular matrix
(ECM) components. The presented model offers possibilities to investigate release kinetics
and the antifibrotic potential of drugs in vivo as well as the identification of more effective
agents for a novel generation of drug-eluting glaucoma microstents.

Introduction
Glaucoma is a leading cause of irreversible blindness worldwide and is mostly characterized by an in-
creased intraocular pressure (IOP), which results from disturbances in the outflow of aqueous humor
from the eye. Permanently increased pressure conditions lead to damage of the retinal ganglion cells and
degeneration of the optic nerve fibers, resulting in a loss of vision and finally blindness, if untreated [1].
Until now, reduction in IOP is the only available treatment to prevent nervous degeneration [2,3]. Medic-
inal therapy represents the first-line treatment for IOP lowering [4,5]. In case of insufficient IOP reduc-
tion by means of medicinal therapy, surgical interventions have been used to drain aqueous humor from
the anterior chamber of the eye into an extraocular compartment. Trabeculectomy and deep sclerectomy
[6-8] have been used most commonly. Additionally, cyclophotocoagulation [9,10] provides an alternative
therapy to lower IOP by decreasing the aqueous humor production.

As a further approach to conventional surgical interventions, alloplastic devices for the drainage of
aqueous humor from the anterior chamber into different outflow areas, particularly into Tenon’s capsule,
have been used [11]. Clinically used implants in a tube and plate design are the Molteno (Molteno Oph-
thalmic Ltd., Dunedin, New Zealand), the BAERVELDT (Abbott Medical Optics Inc., Santa Ana, CA,
U.S.A.), and the Ahmed (New World Medical Inc., Rancho Cucamonga, CA, U.S.A.) drainage devices.
These implants differ in terms of material and design, and the Ahmed implant has a flow-restricting valve
mechanism [12]. Other approaches prefer the suprachoroidal space as outflow area to lower IOP [13-15].
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The disadvantages of surgical interventions as well as implantations of drainage devices are the fibrotic and uncontrol-
lable scarring processes, which can lead to a failure of the newly created draining channels or to an implant occlusion
[16] and as a consequence to an IOP increase. Thus, the development of an antifibrotic drug-eluting microstent rep-
resents a major objective for improving the clinical success rates of glaucoma drainage devices (GDD).

Fibrotic and scarring processes are mainly driven by the proliferation of fibroblasts and exuberant extracellular
matrix (ECM) expression. It was shown that fibroblasts from different ocular tissues differ in their mRNA profiles
[17] and in their expression of ECM components [18]. The retro-orbital white fat depot (corpus adiposum orbitae)
with probably a different fibrotic behavior and low pressure values of 4–14 mmHg [19-21] has been discussed as
a possible drainage area. The advantage of the retro-orbital white fat depot for drug-eluting drainage devices is its
distance from the very sensitive structures of the eye, like the retina. Cinti [22] demonstrated in his work that in
rodents the subcutaneous white fat depots anterior to the hind legs are metabolically much less active compared with
the very active brown fat areas, which makes these regions comparable with the corpus adiposum orbitae in humans
and thus a suitable model to analyze postoperative reactions.

To address the problem of fibrosis, alloplastic drainage devices can be coated with antifibrotic drugs as it is done
with drug-eluting stents in cardiovascular treatment [23,24]. The most commonly used antifibrotic agents are the
cytostatics mitomycin C and 5-fluorouracil [25], which inhibit mitotic processes. Additionally, the potent inhibitor
of mitosis, paclitaxel (PTX) [26,27], was studied in this context. Some disadvantages of these cytostatics are unspecific
influences and toxic effects on all cell types as a result of their mechanisms of action. For side effect minimization,
specific drugs/agents have to be identified, which only act on fibrotic relevant fibroblasts and their synthesis of ECM
components without impairing cell and tissue viability. In this context, caffeic acid phenethyl ester (CAPE) is one of
the most interesting bioactive compounds. CAPE was shown to be an effective agent to prevent fibrotic processes
in pulmonary fibrosis by influencing some profibrotic/antifibrotic key mediators including TGF-β1, TNF-α and
prostaglandin E2 [28], and the synthesis of collagen I [29]. Also its antioxidant activity and modulatory impact on
the immune system has been described [30].

Another specific antifibrotic agent is pirfenidone (PFD), which has been shown to decrease the expression of fibro-
sis relevant cytokines (TGF-β1–3) [31] and ECM components [32]. PFD has also been used as an oral formulation for
systemic treatment of idiopathic pulmonary fibrosis [33]. PFD can also modulate immune responses as demonstrated
in an abdominal adhesion rat model [34].

In the present study, a local drug delivery (LDD) coating for a novel biodegradable glaucoma microstent was de-
veloped and analyzed in vitro and in vivo in terms of drug release behavior and tissue response to address the post-
operative problem of scarring and fibrosis around the stent in the outflow area. The concept of our implant-based
regenerative approach for the drainage of aqueous humor into the retro-orbital intraconal fat tissue is shown in Figure
1A.

As an alternative to conventional permanent, biostable GDDs, the presented biodegradabale microstent serves as
temporary pathway for controlled drainage of aqueous humor. Our initial experiments using these biodegradable
polymers as GDD provided promising results [35]. An LDD coating in the outflow area was designed to prevent
fibrosis in the postoperative period. After microstent degradation, the remnant channel should allow for long-term
effective drainage without the complications associated with foreign-body reactions to the biomaterial or mechanical
irritation, often observed in cases of permanent GDD.

The aim of the current study was the evaluation of drug release and antifibrotic effects of different LDD coatings,
containing the drugs PTX and the more specific agents CAPE and PFD, in a rat model. Therefore, GDD test specimens
with different LDD coatings were implanted subcutaneously into the white fat depots in front of the right hind leg
of rats. After explantation at different postoperative points in time, tissue samples including the test specimens were
analyzed with regard to residual drug-loading and fibrotic responses.

Materials and methods
Manufacturing and characterization of test specimens
Test specimens were composed of tubing and an LDD coating, both manufactured based on biodegradable polymeric
materials. A polymer blend from poly(4-hydroxybutyrate) (P(4HB); P4HB biopolymer, Tepha, Inc., Lexington, MA,
U.S.A.), and amorphous atactic poly(3-hydroxybutyrate) (at.P(3HB)) in a blend ratio of 50/50% (w/w) was used to
prepare the tubing and the coatings. Synthesis of at.P(3HB) was conducted according to Jedlinski et al. [36] and Hubbs
et al. [37] by ring-opening polymerization of β-butyrolactone using potassium acetate as a catalyst [38]. Three differ-
ent LDD coatings were based on a homogeneous mixture of the polymer blend and the drug PTX (Cfm Oskar Tro-
pitzsch e.K., Marktredwitz, Germany), CAPE (Sigma–Aldrich Corp., St. Louis, MO, U.S.A.), or PFD (Sigma–Aldrich
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Table 1 Summary of HPLC conditions used for in vitro drug release studies

PTX CAPE PFD

Column Chromolith fast gradient RP-18e 50-2
(Merck KGaA, Darmstadt, Germany)

Eurospher 100 C18, 5 μm, 125 × 4 mm
ID (Knauer GmbH, Berlin, Germany)

Eurospher 100 C18, 5 μm, 125 × 4 mm ID
(Knauer GmbH, Berlin, Germany)

Mobile phase Acetonitrile/phosphate buffer solution
(0.005 M, pH 3.5) (50/50% v/v)

Methanol/water (65/35% v/v) Acetonitrile/water (27/73%) v/v with 0.2%
acetic acid

Flow rate 0.3 ml.min−1 1.0 ml.min−1 1.0 ml.min−1

Column temperature 23◦C 30◦C 45◦C

Detection wavelength (UV) 230 nm 323 nm 310 nm

Injected sample volume 20 μl 20 μl 20 μl

Retention time 3.0 min 4.5 min 6.0 min

Measurement range 0.1–20 μg.ml−1 0.1–20 μg.ml−1 0.1– 20 μg.ml−1

Corp., St. Louis, MO, U.S.A.) in a mixing ratio of 85/15% (w/w), respectively. In a control group, tubing without LDD
coating was used.

Tubing with a wall thickness of 75 μm was manufactured in a semiautomatic process using a dip-coating robot
(KSV NIMA Dip Coater, Biolin Scientific Holding AB, Stockholm, Sweden). Stainless steel mandrels (diameter:
300 μm, length: 60 mm) were dipped repeatedly into the polymer solution prepared from 1150 mg chloroform
(Sigma–Aldrich Corp., St. Louis, MO, U.S.A.) and 100 mg of the polymer blend P(4HB)/at.P(3HB) 50/50% (w/w). A
withdrawal speed of 300 mm.min−1 was used. After each repetition, the mandrels were dried for 20 min at ambient
temperature and rotated at 180◦. Tubing diameter was measured in 0.5 mm increments along the longitudinal axis
using a biaxial laser scanner (ODAC 32 XY, Zumbach Electronic AG, Orpund, Switzerland) after the mandrels were
removed.

The LDD coatings of the tubular test specimens (length: 10 mm) were applied with an airbrush process using a
polymer solution prepared from 28.5 g chloroform (Sigma–Aldrich Corp., St. Louis, MO, U.S.A.) and 100 mg of
the polymer blend/drug mixture. A mass of 126 μg, corresponding to a drug loading of 1.4 μg.mm−2, was the de-
sired nominal coating weight. Measurement of the coating mass was conducted using an ultramicrobalance (XP6U,
Mettler-Toledo International, Inc., Greifensee, Switzerland).

After preparation, the test specimens were dried for 7 days in vacuum at ambient temperature. Test specimens
from the control, the PTX and the CAPE groups were sterilized by means of ethylene oxide as described previously
[35]. For PFD-coated test specimens, cooled β sterilization at −15◦C in a nitrogen atmosphere was applied, using a
radiation dose of 25 kGy in 4 min. Prior to β sterilization, test specimens were cooled at −40◦C for 24 h.

Morphological analysis of the manufactured test specimens was performed using SEM (Quanta 250 FEG, FEI,
Hillsboro, OR, U.S.A.) in environmental mode (ESEM) at a vacuum pressure of 0.5 mbar and an accelerating voltage
of 5 kV.

Drug release in vitro
Analysis of temporal drug release from the test specimens was performed in vitro in 2 ml of 0.9% saline solution at
37◦C. To protect CAPE from oxidation, 0.2% of ascorbic acid (Sigma–Aldrich Corporation, St. Louis, MO, U.S.A.)
was added to the saline solution.

During in vitro drug release studies, the test specimens were incubated on a rotating platform-shaking device (Uni-
max 1010, Heidolph Instruments GmbH & Co. KG, Schwabach, Germany) at 100 rpm. After a defined time of incu-
bation Δti, the saline solution was collected and drug content mi (Δti) was analyzed by means of HPLC (KNAUER
Wissenschaftliche Geräte GmbH, Berlin, Germany). Prior to HPLC analysis, the saline extracts were diluted 1:1 (v/v)
with methanol. Cumulative released drug mass mj after j cycles was calculated by summation of individual values.

After drug release stagnated, the residual drug in the test specimen was extracted by methanol and analyzed using
HPLC. Individual test specimens additionally were taken after extraction and completely dissolved in chloroform
again and analyzed using HPLC to find residual drug amounts. A summary of HPLC conditions used for analysis of
the different drugs PTX, CAPE, and PFD is shown in Table 1.

Drug release in vivo
For the analysis of temporal drug release in vivo, test specimens explanted at different postoperative points in time ti
were analyzed for residual drug loading mres (ti) by means of HPLC. Prior to HPLC, the drugs were extracted from
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test specimens by methanol. Released drug mass mi (ti) at the time ti was calculated by subtracting mres (ti) from the
initial drug loading minit .

Ethical consent
All animal studies were approved by the local authorities (Landesamt für Landwirtschaft, Lebensmittelsicherheit und
Fischerei Mecklenburg-Vorpommern (LALLF-MV)) and conducted in accordance with the German Animal Welfare
Act (Approval ID: 7221.3-1.1-085/12).

Animals
Adult male Wistar rats (strain Crl:WI BR, Charles River Wiga GmbH, Sulzfeld, Germany) aged approximately 3
months were used and individually housed in standard cages at 22 +− 2◦C under a 12-h light/dark cycle in a specific
pathogen-free housing, with free access to tap water and a standard diet.

Surgical intervention
Rats weighing 280–300 g were anesthetized by intraperitoneal injection of ketamine (Bela-pharm GmbH, Vechta,
Germany; 50 mg/kg body weight) and xylazine (Rompun, Bayer AG, Leverkusen, Germany; 4 mg/kg body weight).
The implantation area was shaved and disinfected with Betaisodona (Mundipharma GmbH, Limburg, Germany).
Cutis was carefully opened with a scalpel and by a minimally invasive surgical intervention, the test specimens were
implanted into the subcutaneous white fat depots in front of the right hind leg using a PICO-ID-Chip-Injector (Ag-
nTho’s, Lidingö, Schweden) (Figure 1B). This region was selected for the implantation because these white fat depots
are metabolically less active compared with the active brown fat areas [22]. Therefore, the subcutaneous white fat
of rats is comparable with the retrobulbar orbital white fat depot (corpus adiposum orbitae) in humans. At defined
postoperative points in time (1, 2, 4, 12, and 36 weeks) animals were killed with an overdose of ketamine and xylazine.
Test specimens were explanted from six animals per group: four for HPLC analysis of residual drug content. The re-
maining two specimens were explanted after the rats were perfused with 3.7% paraformaldehyde (PFA) dissolved in
PBS (pH 7.4) prior to histological analysis. Fat depots were explanted, postfixed in 3.7% PFA for 24 h, and embedded
in paraffin for histological investigation.

Figure 1. Illustration of the microstent concept and photo documentation of the minimally invasive surgical intervention

(A) Schematic drawing of a microstent for the drainage of aqueous humor from the anterior chamber of the eye into the retro-orbital

intraconal fatty tissue; microstent with micro-mechanical valve for the prevention of hypotony (*) located in the anterior chamber and

LDD coating (**) for the prevention of fibrosis located in the outflow area. (B) Implantation of test specimen into the subcutaneous

white fat depot of rats and explantation procedure. (a) Shaved and disinfected implantation area with mark for incision. (b) Carefully

opened cutis. (c) Test specimen injection into white fat depot using a PICO-ID-Chip-Injector. (d) Wound closure by suture. (e) With

two stitches closed cutis. (f) Explantation of test specimen. Arrow marks the implant.

Histology
Histological sections of 5 μm thicknesses were AZAN stained using a standard protocol [39]. Briefly, rehydrated sec-
tions were stained in filtered and preheated (56◦C) 0.1% aqueous azocarmine G solution (Merck Millipore, Darm-
stadt, Germany) and transferred into 0.1% aniline in 96% ethanol (Merck Millipore) until cytoplasm, connective tis-
sue, and nuclei were well defined. After staining with 0.25% Aniline Blue, 1% Orange G (Sigma–Aldrich, Taufkirchen,
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Table 2 Antibodies used in the present study

Reagent Supplier Catalog number

Mouse monoclonal anti-collagen I Abcam (Cambridge, U.K.) ab6308

Mouse monoclonal anti-collagen VI Abcam (Cambridge, U.K.) ab78504

Rabbit polyclonal fibronectin DPC Biermann GmbH (Germany) DP013

Mouse monoclonal fibronectin Sigma–Aldrich (Germany) F7387

Rabbit polyclonal CD11b Abcam (Cambridge, U.K.) Ab52478

Biotinylated anti-ms IgG (H+L) Vector/Biozol (Eching, Germany) VEC-BA-2000-CE

Biotinylated anti-ms IgM Vector/Biozol (Eching, Germany) VEC-BA-2020

Biotinylated anti-rb IgG (H+L) Vector/Biozol (Eching, Germany) VEC-BA-1000-CE

Table 3 Average wall thickness and drug mass of manufactured test specimens: mean +− S.D. (each n=35)

Group Tubing LDD coating
Wall thickness [μm] Drug Drug mass [μg]

1 74.5 +− 9.0 - -

2 70.9 +− 5.3 PTX 20.3 +− 1.4

3 65.8 +− 5.8 CAPE 19.5 +− 0.8

4 68.8 +− 5.1 PFD 19.8 +− 0.9

Germany; Merck) sections were dehydrated with absolute alcohol and xylene and mounted with Entellan (Merck Mil-
lipore).

As a second histological observation, sections were stained with Hematoxylin–Eosin (H&E) [39]. Shortly, after
dewaxing in xylene and hydration in a decreasing alcoholic row, sections were stained with Hematoxylin (Merck
Millipore), followed by alcoholic dehydration and 1% Eosin G (Merck Millipore) staining. Differentiation occurs in
90% alcohol followed by clearing in xylene and finally mounting in Entellan (Merck Millipore).

For detailed investigation of the fibrotic and inflammatory responses, immunohistochemistry using the
avidin–biotin complex immunoperoxidase method (Vector Laboratories, Burlingame, CA, U.S.A.) was carried out
as described before [40]. Briefly, paraffin slides were dewaxed, rehydrated, and non-specific protein binding was
blocked with 10% BSA in TBS including 100 mM lysine and 1% Triton X-100 at room temperature for 60 min. Af-
ter washing, sections were incubated with the primary antibodies overnight at 4◦C. Following another wash cycle,
sections were incubated with either biotinylated rabbit anti-goat IgG or with biotinylated horse anti-mouse IgG for
2 h at room temperature before color development with diaminobenzidine. For control sections, the primary anti-
body was omitted. After mounting with Entellan (Merck Millipore) sections were analyzed using a BX51 microscope
(Olympus, Hamburg, Germany) and Stereoinvestigator 8.0 software.

The following primary and secondary antibodies were used for IHC staining (Table 2).
The datasets generated and analyzed during the current study are available from the corresponding author on

reasonable request.

Results
Manufacturing and characterization of test specimens
Average wall thickness and drug mass of the manufactured test specimens are summarized in Table 3. Representative
scanning electron microscope (SEM) images of the test specimens are shown in Figure 2A. Scanning electron micro-
graphs showed smooth surfaces for all groups at low magnification (150×). Microporous surfaces of group 2 (PTX
LDD coating) and group 3 (CAPE LDD coating) were visible at high magnification (400×).

Drug release in vitro
Drug release studies revealed a burst release followed by a more retarded release phase for all LDD devices. Overall
drug recovery from in vitro studies of PTX, CAPE, and PFD LDD devices was 70.0 +− 6.5, 75.9 +− 0.9, and 81.4 +−
5.4%, respectively (n=4). After dissolution of extracted microstents in chloroform, no residual drug was found. Slow
in vitro drug release within a time frame of 5–6 weeks was found for PTX and CAPE LDD devices.On the contrary,
PFD LDD devices showed fast in vitro drug release within 10 h (Figure 2B).
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Drug release in vivo
In vivo, slow drug release of PTX from LDD devices was found within a time frame of 12 weeks. For CAPE and PFD
LDD devices, drug release was already completely finished at the first extraction date, 1 week postoperatively. The
comparison of drug release in vitro and in vivo is shown in Figure 2C.

Figure 2. Manufactured test specimens and quantitation of drug release in vitro and in vivo

(A) Representative scanning electron micrographs of test specimens from (a) group 1 (no LDD coating), (b) group 2 (PTX LDD

coating), (c) group 3 (CAPE LDD coating), and (d) group 4 (PFD LDD coating) at 150× and 400× magnification, respectively. (B)

Cumulative drug release from different LDD devices in vitro in an initial time frame of the release studies (each n=4, normalized to

recovered drug mass). (C) Drug release from different LDD devices in vitro and in vivo within 12 weeks (each n=4).

Histology
Histological examination of explanted fat depots including the test specimen implants revealed a massive cell infil-
tration around uncoated control, and coated CAPE and PFD test specimens 1–2 weeks after the implantation (Figure
3A,B). In contrast, around the PTX-coated test specimen a breakdown/damage of connective and fat tissues was de-
tectable at these time points. Total 1 month after implantation, compact capsules around the control implants could
be observed, which were also present in CAPE and PFD test specimens but not as compact as in controls. The fi-
brotic capsules increased in thickness up to 6 months in these groups. At this time point, some degradation of the
biodegradable stent material was observed, which still formed a functional tube and was explantable for drug recovery
examinations.
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Figure 3. Histology of the subcutaneous white fat depots including the test specimens

(A) Cross-sections of the rat white fat depots were stained for connective tissue using AZAN staining. A connective tissue-rich

fibrotic capsule is obvious after 6 months in the periphery of uncoated control implants, as well as in the PTX-, CAPE-, and PFD–

coated specimens. (B) Cross-sections were H&E stained. Comparable with (A), strongest implant encapsulation is obvious after 6

months. Bars represent 200 μm.
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Figure 4. Evaluation of the fibrotic tissue response in comparison with drug release data in vivo

Histological sections (Figure 3A) were used to measure the thickness of fibrotic capsules (left y-axis) surrounding uncoated and

drug-coated test specimens. Results are depicted as colored bars (n=3; mean +− S.D.). Drug release data of coated test specimens

(right y-axis), as determined with HPLC, are depicted as curves in corresponding colors (n=4, mean). After 1 week no residual drug

could be quantitated for CAPE- and PFD-coated test specimens. Fibrotic tissue reactions for these two coatings were visible after

4 weeks, whereas PTX-coated test specimens showed fibrotic capsules after 12 weeks. In uncoated samples, fibrotic capsules

were observed starting 2 weeks after implantation. Mean +− S.D. (each n=3).

Total 3 months after implantation, a fibrotic capsule had formed around the PTX test specimens as well. The fi-
brotic connective tissue was loosely packed and not as compact as in uncoated controls and CAPE- and PFD-coated
specimens (Figure 3A,B). However, after 6 months, a compact fibrotic capsule could also be observed around the
PTX-coated specimens. A comparison of capsular thicknesses in all groups revealed the thickest fibrotic capsules in
the control test specimen group (Figure 4). The fibrotic capsule surrounding the PFD-coated specimens were least
pronounced with only a minimal increase in thickness throughout the observation period (Figure 4).

Immunohistochemical examination of the fat depots including the test specimen implants showed positive sig-
nals against members of the ECM in the surrounding tissues and the compact fibrotic capsules. The capsules stained
positive for collagen I (Figure 5A) and collagen VI (Figure 5B). Additionally, the compact fibrotic capsules stained
positively for the ECM component fibronectin (Figure 6A). The strongest reactivity against ECM components could
be detected in uncoated test specimens (control) in comparison with the other groups. It is slightly less pronounced
in drug-coated test specimen (CAPE), and more obvious in PTX and PFD test specimens. Weakest reactivity against
ECM members was detected in PFD-coated test specimens, confirming the results of the standard histological exam-
inations, where thinnest fibrotic capsules were observed in the PFD test specimen group.

Examinations of the immune response following test specimen implantation were carried out using an antibody di-
rected against the antigen CD11b, which is expressed by monocytes, macrophages, and dendritic cells. Positive inflam-
matory cells could be detected in the periphery of the test specimen in uncoated control and CAPE- and PFD-coated
implants after 1 week (Figure 6B). Inflammatory cells could be identified in these groups at time points up to 6 months.
In contrast, around PTX-coated implants inflammatory cells could be detected only 2 weeks postsurgery.

Discussion
Prevention of scarring and fibrotic processes represents one of the most prominent challenges in fistulating glaucoma
surgery. To overcome fibrosis, which leads to the failure of surgically created draining routes or occlusion of draining
implants [41,35], modulating the postoperative fibrotic response with antifibrotic drugs has been a strategy in the
recent past. In this context the cytostatics mitomycin C and 5-fluorouracil [25], which inhibit mitotic processes,
have been used as antifibrotic agents. Especially, the use of mitomycin C has improved the success rate in fistulating
glaucoma surgery, but its associated failure rate of up to 45% 5 years postoperatively is high [42,26] and its use is
often coupled with side effects leading to sight-threatening complications like bleb leakage or blebitis, hypotony,
choroidal detachment, and corneal impairment [43-45]. The inhibitor PTX, which inhibits mitosis by irreversible
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Figure 5. Immunohistochemical evaluation of the fibrotic tissue response to test specimens

(A) The cross-sections of the rat fat depots including the test specimens were stained for collagen I. The connective tissue-rich

fibrotic capsule is positively stained for collagen I with lowest expression in the PFD group. (B) Immunohistochemical examinations

of cross-sections stained for collagen VI revealed high reactivity of the connective tissue-rich fibrotic capsules, which ensheath the

implants with lowest reactivity in the PFD group. Bars represent 200 μm.
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Figure 6:. Immunohistochemistry of the subcutaneous white fat depots including the test specimen implants

(A) Immunohistochemical reactivity against fibronectin could be detected after 6 months around the uncoated control and the

drug-coated implants with weakest signal in the PFD group. (B) The cross-sections of the rat fat depots including the test specimens

were stained for CD11b. Expression could be detected around the uncoated control and the drug-coated implants. Bars represent

200 μm.
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binding to the microtubule cytoskeleton, also seems to be a promising drug to inhibit postoperative fibrosis [26,27].
However, consistent with its mechanism of action, PTX affects every cell as an unspecific drug. In the last years, the
possibility to incorporate antifibrotic drugs into GDDs and use them as drug-delivery systems has been investigated
to prevent scarring or fibrotic encapsulation of the implant [25,46]. This approach seems to deliver the opportunity
for a slow-release mechanism of antifibrotic drugs in low concentrations over a long period of time directly at the
targetted tissue site. In a recent example, it was shown that long-term mitomycin C release could be measured up to 3
months postoperatively but was associated with retinal impairment in rabbit models in vivo [25,46]. Hydrogels and
non-degradable polymers as well as biodegradable polymers have been used as antifibrotic drug delivery systems in
animal studies [25,47,48].

Here, we investigated the fibrotic response to the implantation of test specimens made of a blend of two biodegrad-
able hydroxybutyric acid-based polymers (P(4HB)/at.P(3HB)) 50/50% (w/w) into the white fat depots of rats. This
polymer blend is characterized by low cytotoxicity and good in vivo biocompatibility [27]. The test specimens were
uncoated (controls) or coated with the unspecific cytostatic drug PTX and the more specific antifibrotic drugs CAPE
and PFD.

The manufactured test specimens yielded reproducible quality in terms of morphology, initial drug loading and
drug recovery after processing. Nevertheless, for PTX and CAPE groups a more porous surface morphology was
found when compared with the PFD group. This is probably due to different crystallinities of the used drugs. Irre-
spective of the drug used, an initial loading and recovery of 20 μg and 76% was found, respectively.

Within the present study, we could show distinct differences in drug release behavior between the in vitro and in
vivo conditions, and the different drugs PTX, CAPE, and PFD. Due to the relatively slow degradation of the used
semicrystalline P(4HB) within up to 52 weeks, we assume that drug release primary is diffusion controlled [49].
Nevertheless, our own yet unpublished in vitro degradation studies with different P(4HB)/at.P(3HB) blends suggests,
that degradation accelerates with increasing content of amorphous at.P(3HB) and therefore, might play a minor role
in the current case.

Due to poor solubility of PTX and CAPE in aqueous solutions, in vitro drug release profiles are relatively slow
compared with PFD. The solubility of PFD in aqueous solutions is approximately five orders of magnitude higher
(20.000 mg.l−1), compared with PTX (0.3 mg.l−1), exemplary [50,51]. Therefore, in vitro drug release of PFD is
considerably faster (Figure 2B).

In vivo another effect predominates the drug release kinetics. Here, PTX release is decelerated compared with
CAPE and PFD and compared with the in vitro data of PTX release (Figure 2C). The molecular weight of PTX
(853.9 g mol−1) is greater by factors 3–4.6 than CAPE (284.1 g mol−1) and PFD (185.2 g mol−1) and appears to be the
dominating parameter, decelerating diffusion controlled drug release of PTX in vivo (Sigma–Aldrich Corp. 2017).
PTX release in vivo may be also decelerated due to its lower lipid solubility and saturation effects and therefore,
delayed drug diffusion inside the rat fat tissue. Differences in in vitro and in vivo release behavior possibly may
be influenced through different drug crystallinity. Kind of solvent and drying conditions like time and temperature
within the drug-coating process are significant for the drug crystallinity. This may be an explanation for the different
morphologies shown in Figure 2A.

Fibrotic encapsulation following GDD implantation is a known process and one of the most important reasons
for implant failure [52,53]. In contrast, no fibrotic response was observed in rabbits after 38 weeks in vivo following
implantation of biologically derived hydroxybutyric acid based polymers in our previous studies [27,35]. Here, for
uncoated implants based on polymer blend of the biologically derived P(4HB) and the synthetic at.P(3HB) 50/50%
(w/w), we could detect a massive cell infiltration 1 week after implantation in the periphery of the implant. These
cells seem to ensheath the implants and start to synthesize ECM components leading to the formation of a fibrotic
capsule and total implant-encapsulation 2–4 weeks after implantation. These fibrotic capsules increased in thickness
up to 6 months. One difference between the abovementioned studies to our examinations is the implantation into
white fat depots in rats, which could have an influence to the wound-healing process and the fibrotic response to
implants. It has been reported that mature adipocytes repopulate skin wounds, adipocyte precursor cells proliferate,
and that adipocytes as a key player of the intercellular communication are necessary for fibroblast recruitment and
function in mice [54]. Additionally, wound-healing processes are different between rabbits and rats as shown by Kim
et al. [55]. Both circumstances may explain observed prominent fibrosis in white fat depots in rats in comparison
with Tenon’s – and suprachoroidal space in rabbit models. These findings support the suitability of the rat model for
fibrotic investigations due to fibrotic implant encapsulation at similar intervals in humans.

The formation of a fibrotic capsule around the implant could be delayed by the antifibrotic drug PTX in our ex-
aminations. In early postoperative stages (1–2 weeks), a disturbance in the organization of connective and fat tissues
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and lesions peripherally to the PTX-coated test specimens were obvious. The appearance of lesions and skin ul-
cers has been described after intradermal injections of PTX in a mouse model [56], and degenerative and necrotic
changes in the form of cytoplasmic vacuolization, fatty change, and apoptosis has been observed in a mammary tumor
model in rats [57]. However, encapsulation comparable with the other groups and ill-defined fat tissue with abundant
adipocytes could be detected after 6 months in our study.

Test specimens coated with CAPE showed only negligible antifibrotic effects. CAPE has been described
with a broad spectrum of biological activities, including anti-inflammatory, antifibrotic, antioxidant, and
immune-modulatory properties [58]. Mia and Bank [59] demonstrated an antifibrotic effect of CAPE in human der-
mal and lung fibroblasts, where an inhibition of fibroblast transformation into myofibroblasts and a suppression of
collagen and fibronectin expression were shown. In other studies, the antifibrotic effects of CAPE led to reduced
collagen and fibronectin deposition in mice and rats in vivo [28,60,61].

The same applies for PFD, where in vitro studies demonstrated inhibition of cell proliferation, myofibroblast differ-
entiation, collagen contractility, cytokine suppression, decreased collagen and fibronectin expression, and migratory
ability of cardiac, renal, lung, hepatic, and ocular fibroblasts [31,32,62-66]. An antifibrotic effect in vivo has also been
described in a trabeculectomy model in rabbits, where postoperative application of PFD was associated with less
scarring and improved bleb survival [67] and following GDI implantation in a rabbit model [68]. In our examination,
neither PFD nor CAPE completely prevented fibrosis and implant encapsulation in the white fat depot in rats, but
an attenuation of fibrosis was observed in the PFD group, characterized by a reduction in fibrotic capsule thickness
(Figure 4), compaction, and immunohistochemical reactivity against examined ECM components.

Based on the presented data, the influence of the surface morphology of the test specimens on fibrotic encapsulation
behavior could not be clearly distinguished. However, it is obvious that the use of an antifibrotic drug (i.e. PFD) retards
and reduces fibrotic encapsulation compared with the control group with the same surface morphology as the PFD
group but with no drug incorporated (Figure 4). It can be speculated that fibrotic encapsulation in the PTX and CAPE
groups would also be further retarded and reduced, for a more similar surface morphology to the PFD group.

In wound-healing processes, directly after blood clotting and vasoconstriction, the infiltration of leukocytes and
an immune response is initiated [69]. Most immune competent cells are characterized by the expression of the surface
antigen CD11b, a member of the integrin family, which is expressed on the surface of leukocytes including monocytes,
neutrophils, natural killer cells, granulocytes, and macrophages [70]. In our examinations, we observed an infiltra-
tion of immune competent cells in the periphery of uncoated control test specimens as well as around CAPE- and
PFD-coated implants after 1 week, which also could be detected up to 6 months in moderate amounts. Other studies
revealed an absence of inflammation following suprachoroidal shunt implantation after 15 weeks [71]. We suggest
that an ongoing attraction of immune competent cells is triggered by the biodegradation process of the polymer blend
and cytokine secretion from activated myofibroblasts [72] also after the acute phase in wound healing. However, in
the periphery of PTX-coated implants inflammatory cells were only detectable 2 weeks postsurgically. This finding is
comparable with a study of the body reaction in glaucoma drainage implant surgery, in which a peak of inflammation
was observed 2 weeks postoperatively [73].

To summarize our findings, postoperative fibrotic and immune responses can be attenuated by glaucoma implants
coated with antifibrotic drugs. The management of controlled drug release by avoiding a burst release to guarantee
a long-term medication can increase the pharmaceutical effects of antifibrotic drugs with low risk of side effects to
sensitive ocular structures. As a further developmental step, the combination of different antifibrotic pharmaceuticals
is also conceivable to potentially increase effectiveness. Further investigations will help to develop GDDs with drug
delivery characteristics to create a permanent drainage path to lower IOP and prevent glaucoma progression.

Conclusion
Implantation of drug-coated test specimens into the subcutaneous white fat depot in rats opens up new possibilities
to investigate the release kinetics of antifibrotic agents in vivo, which can be compared with the retrobulbar fat depot
in humans. The antifibrotic potential as well as drug-induced side effects were analyzed by histological examinations.
PTX delayed the formation of a fibrotic capsule until 12 weeks after implantation. However, the PTX coating caused
side effects and could not maintain its antifibrotic activity over the entire observation period of 6 months. The agents
CAPE and PFD delayed the formation of a fibrotic capsule around the implants by 2 weeks in comparison with the
control group. The PFD coating was overall most effective with regard to capsule thickness and growth of the capsule
throughout the observation period.

In conclusion, these investigations help to identify new antifibrotic agents,which can be used as medicinal drug
coatings for microstents in the treatment of glaucoma draining aqueous humor into the intra-orbital fat depot or
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tenon space. Our examinations allow the analysis of side effects and the quantitation of drug-specific antifibrotic
potential.
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