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ARTICLE INFO ABSTRACT

Keywords: In the present study, a novel in situ forming thermosensitive hydrogel system was investigated as a versatile drug
Hydrogel delivery system for ocular therapy. For this purpose, two thermosensitive ABA triblock copolymers bearing either
FAB. furan or maleimide moieties were synthesized, named respectively poly(NIPAM-co-HEA/Furan)-PEGgk-P
gg;zigisone (NIPAM-co-HEA/Furan) (PNF) and poly(NIPAM-co-HEA/Maleimide)-PEGgx-P(NIPAM-co-HEA/—Maleimide)
Diels-Alder (PNM). Hydrogels were obtained upon mixing aqueous PNF and PNM solutions followed by incubation at 37 °C.
Injectability The hydrogel undergoes an immediate (<1 min) sol-gel transition at 37 °C. In situ hydrogel formation at 37 °C

In situ crosslinking

was also observed after intravitreal injection of the formulation into an ex vivo rabbit eye. The hydrogel network
formation was due to physical self-assembly of the PNIPAM blocks and a catalyst-free furan-maleimide Diel-
s—Alder (DA) chemical crosslinking in the hydrophobic domains of the polymer network. Rheological studies
demonstrated sol-gel transition at 23 °C, and DA crosslinks were formed in time within 60 min by increasing the
temperature from 4 to 37 °C. When incubated at 37 °C, these hydrogels were stable for at least one year in
phosphate buffer of pH 7.4. However, the gels degraded at basic pH 10 and 11 after 13 and 3 days, respectively,
due to hydrolysis of ester bonds in the crosslinks of the hydrogel network. The hydrogel was loaded with an anti-
VEGF antibody fragment (FAB; 48.4 kDa) or with corticosteroid dexamethasone (dex) by dissolving (FAB) or
dispersing (DEX) in the hydrogel precursor solution. The FAB fragment in unmodified form was quantitatively
released over 13 days after an initial burst release of 46, 45 and 28 % of the loading for the 5, 10 and 20 wt%
hydrogel, respectively, due to gel dehydration during formation. The low molecular weight drug dexamethasone
was almost quantitively released in 35 days. The slower release of dexamethasone compared to the FAB fragment
can likely be explained by the solubilization of this hydrophobic drug in the hydrophobic domains of the gel. The
thermosensitive gels showed good cytocompatibility when brought in contact with macrophage-like mural cells
(RAW 264.7) and human retinal pigment epithelium-derived (ARPE-19) cells. This study demonstrates that PNF-
PNM thermogel may be a suitable formulation for sustained release of bioactive agents into the eye for treating
posterior segment eye diseases.

1. Introduction

Ocular vascular diseases are one of the leading causes of visual
impairment worldwide [1-3]. In general, it has been shown that there is
an increased number of pro-inflammatory cells and increased levels of
vascular endothelial growth factor (VEGF) in the posterior segment of
the diseased eye, resulting in neovascularization and vasopermeability
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[1,4]. The current treatment consists of administering anti-VEGF anti-
bodies or an anti-inflammatory drug such as the corticosteroid dexa-
methasone (DEX), or a combination of these drug [5-9].

Despite being efficacious in controlling ocular neovascularization
and inflammation, long-term intraocular drug therapy has certain
drawbacks. After IV/oral administration only a fraction of the admin-
istered dose reaches the back of the eye due to physiological barriers
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preventing drugs from reaching the retina [7,10]. To bypass ocular
barriers, clinically used intraocular drug formulations (such as Lucen-
tis®, Eylea®, Kenalog®-40) are administered by intravitreal bolus in-
jection. The advantages of this administration route above others
include immediate drug release, increased local therapeutic effects and
reduced systemic adverse events [11]. The intravitreal half-life of
dexamethasone in vitreous is only 5.5 h [12], while the intravitreal half-
life of ranibizumab (an FDA approved anti-VEGF Fab fragment) is
around three days. [6,13] Therefore, repeated injections are required for
the treatment of chronic intraocular diseases [14,15]. Although con-
ventional drug formulations such as eye drops and injectable liquids
play an important role in ocular therapies, they are characterized by
poor patient compliance and adverse side effects [16]. Hence, to over-
come these drawbacks, there is a need for new delivery systems that
provide local sustained release of loaded drugs to the retina after
intravitreal injection. Several advanced delivery systems have been
developed and investigated for this purpose, such as drug loaded sur-
gically sutured implants, nanoparticles, liposomes, polymeric micelles,
dendrimers, microneedles and hydrogels [16-18]. Several implants for
the treatment of the posterior segment of the eye are on the market or
studied in clinical trials [18] among which the non-biodegradable for-
mulations Vitrasert®, Retisert® [19,20], Medidur®, Iluvien® [21] and
the biodegradable ones Posurdex®, Ozurdex® [22,23] and Surodex®
[24]. However, these implants all contain small molecules such as
dexamethasone, ganciclovir or fluocinolone acetonide. However, only a
few biotherapeutics-carrying implants are on the market. Genentech’s
Susvimo, previously called Port Delivery System with ranibizumab
[25,26], is the first and only FDA-approved (in October 2021) protein
refillable implant based on a porous titanium release control element
used for the treatment of neovascular age-related macular degeneration
[27]. Although these implants significantly prolong drug release in the
posterior segment of the eye, the majority of these intraocular implants
requires invasive administration methods to place the devices at the
target site, and subsequent surgical procedures are often needed to
remove these non-biodegradable implants.

Hydrogels, hydrophilic crosslinked polymers containing a large
amount of water, are widely used for drug delivery, tissue engineering
and cell encapsulation [28-32]. Furthermore, by a proper selection of
their building blocks, hydrogels can be rendered biodegradable due to
chemical and/or enzymatic hydrolysis [33-35]. There are a few
hydrogel formulations approved by the FDA for ocular applications,
among which Akten, a topical lidocaine hydrochloride ophthalmic gel
[36,37]. Several hydrogel and other delivery technologies systems are
currently being investigated for intravitreal protein delivery, as
reviewed by Ilochonwu et al. [31] and Chang et al. [32]

In the past years, in situ forming hydrogels based on PEG and/or
hyaluronic acid have received interest for ocular drug delivery appli-
cations [38,39]. These hydrogels showed in vitro sustained drug release
and may play an important role in advancing the currently available
ocular therapy as previously discussed by Ilochonwu et al. [38]
Although significant progress has been made, several issues still have to
be addressed: 1) fast in situ gelling of the formed hydrogels is needed as
this limits polymer diffusion and dilution within the vitreous body after
intravitreal injection and 2) unwanted side reactions between polymer
functional groups and loaded drugs must be avoided.

Depending on the chemical composition of the polymer building
blocks, hydrogels can be designed to respond to various stimuli, such as
heat, pH and light [40-42]. An important and attractive class of
hydrogels are the thermosensitive in situ forming systems. At ambient
temperature, these formulations are low viscous aqueous polymeric
solutions, and a temperature change (from room to physiological tem-
perature), affects the hydrophobic and hydrophilic balance of the con-
stituents of the polymer to induce a sol-gel transition of the formulation
[40]. Poly(N-isopropylacrylamide) (PNIPAM) is a well-studied thermo-
sensitive polymer which displays lower critical solution temperature
(LCST) in aqueous solutions at around 32 °C and this polymer has been
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used as basis for preparation of thermosensitive hydrogels. This way, a
liquid formulation can be injected into the vitreous with a minimally
invasive method using a small gauge needle, avoiding a surgical inter-
vention [43,44]. However, the physical crosslinking is reversible and
yields gels with low mechanical properties [45]. Therefore chemical
crosslinking has been investigated as a strategy for increasing the
hydrogel strength and stabilizing the network structure [46,47]. For
proper injectability, the physical and covalent gelation should only
occur at the site of injection and for sure not in the applied needle which
would result in unwanted obstruction. Furthermore, after ocular
administration, the crosslinking reactions between the functional moi-
eties should be relatively fast to avoid unwanted reactions and modifi-
cations of co-administered pharmaceuticals and drugs. In this study, the
Diels-Alder (DA) reaction was used to stabilize the hydrogel network as
chemical crosslinking strategy. In general, DA reaction is a [4 + 2]
cycloaddition between a diene and dienophile to form a cyclohexene
adduct and was first reported by Alder and Diels in 1929 [48]. In 2009,
Wei et al. for the first time employed DA reactions for the preparation of
a hydrogel [49]. The reaction between furan and maleimide is the most
common DA reaction used for hydrogel crosslinking. However, unfa-
vorable reactions between maleimides and amines or thiols present in e.
g. proteins limit the application of this reaction pair for development of
protein releasing hydrogels [50]. To overcome this drawback, in the
present study, the reactive functional groups were designed to be pre-
dominantly located within the hydrophobic domains of the hydrogel
polymeric network, to limit protein reactivity with the maleimide
moieties as was observed in our previous study [38].

Therefore, to tackle the current challenges of 1) fast in-situ gelation
and 2) prevention of side reactions between therapeutics and cross-
linkable groups, we designed a novel injectable hydrogel system. This
study investigates the combination of DA crosslinks with thermosensi-
tive gelation. The thermo-responsive DA stabilized hydrogel formula-
tion was characterized and evaluated as a potential drug delivery system
for ocular therapy. The aim was to load the engineered hydrogel with
dexamethasone and a Fab fragment of an anti-VEGF antibody as drugs
and to investigate their gelation kinetics, degradation behavior and
release profiles. Compared to previously discussed Diels- Alder hydro-
gels [35,38,39], the anticipated advantages of the present hydrogel
system include faster in situ gelation due to thermo-responsive behavior,
suitability for simultaneous delivery in one formulation both a bio-
therapeutic, preventing protein modification, and a small hydrophobic
drug. Finally, intravitreal injection of the hydrogel on ex vivo rabbit eye
explant and retinal cell cytocompatibility were investigated the injec-
tion procedure, in situ gel formation and the overall usability of this
system for intraocular applications.

2. Material & methods
2.1. Materials

Chemicals were purchased from Sigma-Aldrich (Zwijndrecht, the
Netherlands) and used as received unless mentioned otherwise.
Dichloromethane (DCM) and tetrahydrofuran (THF) were dried on
molecular sieves 24 h before use. Phosphate-buffered saline was
composed as follows except mentioned otherwise: 0.13 M NaCl, 2.7 mM
KCl, 10 mM NayHPOy4, and 1.9 mM KH,POy4, pH 7.4.

2.2. Synthesis of polymers

2.2.1. Synthesis of PEG6kDA macroinitiator

PEG was functionalized with a-bromoisobutyrylbromide to yield an
ATRP macroinitiator using a procedure described by De Graaf et al. [51]
Briefly, dehydrated PEG 6 kDa (10.0 g) was dissolved in 100 mL dry THF
at 50 °C under a nitrogen atmosphere. Triethylamine and a-bromoiso-
butyrylbromide were added (1.5 eq to the hydroxyl groups). The
mixture was stirred overnight at room temperature. The formed TEA
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bromide salt was filtered off and the filtrate was concentrated under
vacuum, subsequently dissolved in water (20 mL) and centrifuged
(5500 g, 5 min, 25 °C). The supernatant was filtered with a filter paper
and the filtrate was dialyzed (3.5 kDa MWCO) against water for two
days and then freeze-dried. The product dissolved in CDCl; was char-
acterized by 'H NMR spectroscopy. 'H NMR analysis showed the for-
mation of a fully functionalized PEG ATRP macroinitiator. 'H NMR
(CDCl3): 6 = 4.3 (t, 4H, OCH>), 3.85 (t, 4H, OCH>), 3.65 (t, 531H,0CH>),
3.35 (t, 4H, OCHy), 1.85 ppm (s, 12H, CCH3). The absence of PEG hy-
droxyl groups was confirmed by adding two drops of trichloroacetyl
isocyanate (TAIC) to the NMR sample to react with possible present
unmodified OH groups [52].

2.2.2. Synthesis of P(NIPAM-co-HEA)-PEG-P(NIPAM-co-HEA) (PNH)

PEG 6 kDa macroinitiator (500 mg; 0.083 mmol) was dissolved in 20
mL H»0. Subsequently, NIPAM (2.54 g; 22.5 mmol), CuBr (50 mg; 0.35
mmol) and 2-hydroxyethyl acrylate (HEA) (280 pL; 2.4 mmol) were
added and dissolved. The solution was deoxygenated by flushing with
nitrogen gas for 15 min at room temperature and additionally 15 min on
ice. The reaction was started by adding tris[2-(dimethylaminoethyl]
amine (Me6-TREN) (90 pL; 0.34 mmol) to the reaction mixture, which
resulted in a colour change from colorless to green/blue. The reaction
was carried out for three hours on ice under nitrogen atmosphere. The
reaction mixture was subsequently dialyzed against water for 48 h at 4
°C (dialysis tube MWCO 6-8 kDa, Thermo Scientific, Bleiswijk, the
Netherlands). The product as white powder was obtained after freeze
drying and is further named as PNH. The polymer molecular weight was
determined by 'H NMR and GPC. 'H NMR spectrum of PNH in D50. §
(ppm): 1.13 (6H, CH3CHCH3, NIPAM); 1.30-2.30 (backbone hydro-
gens); 3.68 (545H, CH,OCH,, PEG); 3.78 (2H, CH,0CO, HEA); 4.20 (2H,
CH,0H, HEA); 3.87 (1H, CH3CHCH3, NIPAM); 4.79 (D20).

2.2.3. Synthesis of P(NIPAM-co-HEA/Maleimide)-PEG-P(NIPAM-co-
HEA/Maleimide) (PNM)

PNH (1.00 g; 0.023 mmol, 43.5 kDa) was dissolved in 20 mL dry
DCM by stirring for 30 min on ice under nitrogen atmosphere. N,N"-
dicyclohexylcarbodiimide (DCC) (107 mg; 0.52 mmol), 4-(dimethyla-
mino)pyridine (DMAP) (0.64 mg; 0.0052 mmol) and 6-maleimidohexa-
noic acid (110 mg; 0.52 mmol) and thus 0.63 eq of HEA in PNH can
potentially be modified) were added and the mixture was stirred for 1 h
on ice. Next, the reaction mixture was stirred for 16 h at RT, and the
formed product was collected by filtration after dropping the reaction
mixture in cold diethyl ether. The precipitate was subsequently dis-
solved in 50 mL H50, the remaining solid was filtered off using a 0.45 pm
syringe filter, and the filtrate was freeze-dried overnight. The obtained
product, further named PNM, was collected as a white powder.'H NMR
spectrum of PNM in CDCls: § (ppm) 1.13 (6H, CHsCHCH3, NIPAM);
1.30-3.0 (backbone hydrogens); 3.68 (4H, OCH;CH,0, PEG); 4(1H,
CH3CCHgs, NIPAM); 4.23 (4H, OCH,CH20) 6.71 (2H, maleimide); 7.26
(CDClg).

2.2.4. Synthesis of P(NIPAM-co-HEA/Furan)-PEG-P(NIPAM-co-HEA/
Furan) (PNF)

PNH (1.00 mg; 0.023 mmol, 43.5 kDa) was dissolved in 25 mL CDCl3
and stirred for 30 min while flushed with nitrogen gas. Next, 3-(2-furyl)
propionic acid (73 mg; 0.52 mmol; this mean that 0.63 eq HEA in PNH
can potentially be modified), DCC (108 mg; 0.52 mmol) and DMAP
(0.64 mg; 0.0052 mmol) were added and the mixture was stirred for 16 h
at RT. The reaction mixture was dropped in cold diethyl ether and the
formed precipitate after filtration was subsequently dissolved in 40 mL
H20. The remaining solid was filtered off using a 0.45 pm syringe filter,
the filtrate was freeze-dried overnight, and the product, further named
PNF, was collected as a white powder. 'H NMR spectrum of PNF in
CDCls: 6 (ppm) 1.13 (6H, CH3CHCH3, NIPAM); 1.30-3.0 (backbone
hydrogens); 3.68 (4H, OCH;CH,0, PEG 6 kDa); 4.0 (1H, CH3CCHs,
NIPAM); 4.23 (4H, OCH2CH0) 6.01 (1H, CCHCH, Furan); 6.26 (1H,
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CHCHCH, Furan); 7.29 (1H, CHCHO, furan); 7.26 (CDCl3).

2.3. Polymer characterization

2.3.1. 'H NMR spectroscopy

The synthesized polymers were characterized with 'H NMR spec-
troscopy using a Bruker 600 Hz MR-NMR spectrometer (Bruker BioSpin
GmbH). Data analysis was performed using MestReNova Software. The
chemical shifts are referred to the residual solvent peak (§ = 7.26 ppm
for CDCl3 and 6 = 4.80 ppm for D30).

2.3.2. Cloud point determination

Samples of the thermosensitive polymers were dissolved in PBS at a
concentration of 3 mg/mL. The cloud point (CP) was measured using a
Jasco FP-8300 spectrophotometer (JASCO, Easton, MD) with a water-
cooled Peltier thermostatted 4-position automatic cell changer. The
Spectra Manager program was used for measuring scattering at a
wavelength of 650 nm while the temperature was raised from 4 to 40 °C
at a rate of 1 °C.min . The onset point of increased scattering intensity
is reported as CP [53].

2.3.3. Rheological characterization

The rheological properties of the formulations were studied using a
Discovery HR-2 Rheometer (TA Instruments Inc., Etten-Leur, the Neth-
erland) with a Peltier Plate for temperature control and solvent trap to
prevent evaporation of the solvent. Empty and drug loaded PNF-PNM
hydrogel formulations with different polymer concentrations (5, 10,
15 wt%) were prepared as described in section 2.4., after mixing the
polymer/drug solutions, the resulting solution was placed under the
geometry and measured using a plate-plate geometry (aluminum, 20
mm diameter, initial gap was 200 pm). Normal force was controlled
during the experiments to enable measurements of samples while vol-
ume changes occur. Data were processed using TRIOS Software version
5.0. The storage (G’) and loss (G") moduli were measured during a
temperature ramp ranging from 4 up to 37 °C at a rate of 0.5 °C.min"!
and at a strain 0.5%. Next, the sample was kept at 37 °C for 30 min and
then a frequency sweep ranging between 0.1 and 100 rad.s ! was per-
formed at strain 0.5%. The samples were then cooled down from 37 to 4
°C at a rate of 0.5 °C.min"'. From the average G’ at 37 °C, the mesh size
(¢ in m) of the formed hydrogels was calculated according to the
following equation [54], using Avogadro’s number (Ngy) in mol’l, R the
molar gas constant in J K L.mol ™!, and the temperature (T) in K and G’
in Pa:

e (ONa) "
“\ RT

2.3.4. FTIR analysis

Fourier Transform Infrared (FTIR) spectra were measured for the
PNF and PNM polymers and for a dried 10 wt% PNF-PNM hydrogel. The
samples were measured as dried solid powers. The spectra, ranging from
600 cm ! to 4000 cm ™, were recorded with a Perkin Elmer Spotlight
FT-IR Spectrometer.

2.3.5. Gel permeation chromatography

Polymer samples were dissolved in the eluent, 10 mM LiCl in DMF, at
a concentration of 3 mg/mL. The number average molecular weight
(Mp) and polydispersity index (PDI) were determined through gel
permeation chromatography (GPC), using a Waters 2695 Alliance
(Waters Corporation, Milford, MA) with refraction Index detector and
with a PLgel 5 pm Mixed-D column. The analysis was performed with the
column set at 65 °C and 1 mL/min flow rate. Empower software was
used for data analysis. A calibration curve was obtained by measuring
PEG standards of narrow molecular weight (Polymer Standard Service
GmbH, Mainz, Germany).
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2.3.6. DMA characterization

DMA 2980 Dynamic Mechanical Analyzer (TA-Instruments, Etten-
Leur, the Netherlands) was used to determine Young’s modulus of the
hydrogels as previously reported [38] Thermosensitive DA hydrogel
samples were prepared as described in section 2.4.1. The gels (diameter
2.6 mm, 5.2 mm height) were placed between the parallel plates, and a
force ramp was applied at a rate of 0.5 N/min up to a total force of 8 N at
room temperature. The obtained data were analysed using TA Universal
Analysis software and the Young’s modulus (E) was calculated from the
slope of the linear section of the stress-strain curve. Data are reported as
mean + standard deviation (n = 3).

2.4. Preparation of PNF-PNM hydrogels

2.4.1. Non-loaded PNF-PNM hydrogels

PNF and PNM were separately dissolved in PBS (pH 7.4) on ice. The
concentrations ranged from 3 to 20 wt% (except when mentioned
otherwise). To obtain hydrogels, PNF and PNM solutions were mixed
(weight ratio PNF/PNM 1:1, molar ratio furan/maleimide 1:1) to obtain
80 mg hydrogel formulation (except when mentioned otherwise) at the
desired total polymer concentration (3-20 wt%). To form the gels, the
polymer solutions were incubated in cylindrically shaped plastic moulds
(diameter 4.5 mm, 5 mm height) at 37 °C for 3 h (to allow full chemical
DA crosslinking). During the incubation at 37 °C, the gels shrunk and
expelled some liquid. After gel formation, the gels were transferred into
glass vials for further use, either including expelled liquid (for release
experiments) or excluding expelled liquid (for degradation
experiments).

2.4.2. Preparation of FAB loaded PNF-PNM hydrogels

FAB antibody (3.1 mg/mL) biosimilar to Lucentis® (Ranibizumab)
was received from Boehringer Ingelheim, Germany. This FAB antibody
is a FAB fragment of the monoclonal antibody Bevacizumab expressed in
E.coli. with a mass of 48.4 kDa. The protein was delivered in a mixture of
two buffers, 54 (v/v) % buffer 1 (20 mM (CH3COONa), 8.5 mM
(CH3COOH), 1.1 N (NH4)2SO4, pH 5.0) and 46 v/v % buffer 2 (20 mM
(CH3COONa), 10.5 mM (CH3COOH), pH 5.0). This buffer solution was
exchanged by PBS using a ZebaTM Spin Desalting Column (7 K MWCO,
Thermo Scientific) and a 2.53 mg/mL PBS FAB antibody solution was
obtained (concentration determined by SEC ULPC). FAB loaded hydro-
gels were prepared according to section 2.4.1 with some modifications.
Different gel concentrations (5-20 wt%) were prepared by weighing
equal amounts of PNM and PNF, which were separately dissolved (at 4
°C within <2 h) in PBS (volume adjusted based on final polymer con-
centration) and in PBS containing FAB antibody (48 pL, 2.53 mg/mL),
respectively. The obtained PNF-FAB /PNM solutions were mixed to form
80 mg hydrogel formulations (ratio 1:1 furan/ maleimide) and incu-
bated in cylindrically shaped plastic moulds (diameter 4.5 mm, 5 mm
height) at 37 °C for 3 h (to allow full chemical DA crosslinking) to obtain
a PNF-PMN hydrogels loaded with 121 pg FAB protein.

2.4.3. Preparation of dexamethasone loaded PNF-PNM hydrogels

Dexamethasone-loaded hydrogels of 80 mg were prepared according
to section 2.4.1. Briefly, a dex-PBS dispersion was obtained by sonicat-
ing 15.98 mg dexamethasone in 960 pL PBS for 10 s before use. Next,
equal amounts of PNF and PNM were separately dissolved in PBS (vol-
ume adjusted based on final polymer concentration) and in dex-PBS (24
pL, 16.67 mg/mL) respectively, on ice. The PNF solution was mixed with
the PNM-dex suspension to obtain a total polymer concentration of 3,
10, or 20 wt% (molar ratio 1:1 furan/ maleimide) unless indicated
otherwise.

The PNM-dex dispersion was heated to 37 °C for 15 min prior to
mixing with the cold PNF PBS solution. The mixture was transferred into
cylindrically shaped plastic moulds (diameter 4.5 mm, 5 mm height) and
incubated for 3 h (to allow full chemical DA crosslinking) at 37 °C to
obtain a PNF-PMN hydrogel loaded with 400 pg dexamethasone.
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2.5. Swelling and degradation characteristics of PNF-PNM hydrogels

2.5.1. Swelling and degradation of PNF-PNM hydrogels in PBS buffer (pH
7.4)

Empty PNF-PNM hydrogels with different concentrations (5, 10, 15
wt%) were prepared as described in section 2.4.1 (n = 3). The polymer
solutions were transferred into a cylindrically shape plastic mould and
the samples were incubated for 3 h (to allow full chemical DA cross-
linking) at 37 °C. Only the hydrogels (without the expelled fluid, see
below Fig. 1) were removed from the mould and weighed in a glass vial
after which 1 mL PBS (pH 7.4) was added and the gels were incubated at
37 °C. To determine swelling and degradation of the hydrogels, at
different time points the supernatant was removed and the gel was
weighed at room temperature. Afterwards, 1 mL fresh PBS was added.
The swelling ratio of the hydrogel at a certain time point is defined as the
weight (W) divided by the initial hydrogel weight (Wo).

2.5.2. Swelling and degradation of PNF-PNM hydrogels in BBS and PB
buffer (pH 10 and 11)

Empty hydrogels (5 wt%) were prepared (n = 3) as described in
section 2.4.1. The formed hydrogels were removed from the mould and
transferred into glass vials and weighed. Next, 1 mL of either borate
buffered saline (BBS) (pH 10; 0.01 M H3BOs3, 0.04 M KCl, 6 mM NaOH)
or phosphate-buffer (PB) (pH 11; 0.138 M NayHPO4, 61.8 mM Na3POy4)
was added and the samples were incubated at 37 °C. Subsequently, at
multiple time points, the buffer was removed and the gels were weighed
and the swelling ratios were determined as described in (section 2.5.1).

2.6. Drug release from PNF-PNM hydrogels

2.6.1. FAB release from PNF-PNM hydrogels

Fab-loaded hydrogels were prepared as described in section 2.4.2.
The crosslinked gels together with the expelled fluid were transferred
into glass vials, and subsequently 300 pL PBS with 0.02% NaNj (to
prevent bacterial growth) was added and the vials were incubated at 37
°C. Note that the time point at which 300 pL PBS was added is consid-
ered as t = O for the release studies as depicted schematically in Fig. 1.
However, FAB had partially been expulsed (approximately, 14, 35, 52 uL
for 5, 10, 20 wt% gels, respectively) from the hydrogels during the 3 h
incubation in the oven. The liquid which was expelled during this 3 h
oven treatment was mixed with the 300 pL PBS release medium. Release
samples were taken by replacing 200 pL PBS from the vials with 200 pL
of pre-warmed fresh PBS (37 °C) at multiple time points. The release
samples were stored at 4 °C (company recommended storage conditions)
until analysis was performed. To determine the protein concentration,
the samples were spun down at 2000 g for 5 min and 100 pL of the su-
pernatant was taken for analysis using SE-ULPC on an ARC Acquity
UPLC (Waters Corporation, Milford, USA) with an FLR-detector, oper-
ated at Aex and A of 280 and 310 nm, respectively. Results were ana-
lysed with Empower Software (Version 3-FR5). A calibration curve was
obtained by analyzing solutions of FAB in PBS (from 1.2 to 2600 pg/mL).
The standard samples (7.5 pL) and the release samples (7.5 pL) were
injected onto Phenomenex BioSep-SEC-S2000 (300 x 7.80 mm) column
and the eluent was 0.3 M sodium sulphate with 100 mM sodium phos-
phate monobasic monohydrate buffer (pH 6.7). The system was oper-
ated at a flow rate of 0.3 mL/min and the run time per sample was 25
min.

2.6.2. Dexamethasone release from PNF-PNM hydrogels

After preparation of the different dex-loaded hydrogels (n = 3, see
section 2.4.3), the gels together with the expelled fluid were transferred
into glass vials and 300 pL PBS with 1 % tween (to solubilize released
dexamethasone) and 0.02% NaNj (to prevent bacterial growth) were
added to the gels, which were subsequently incubated at 37 °C. Note
that, as for FAB, the time point of adding 300 pL PBS is considered as t =
0 for the release studies. The liquid which was expelled during this 3 h
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Fig. 1. Schematic overview of the experimental setup of the gel formation and subsequent release study, the expelled liquid indicates the water that was expelled

from the gels during shrinking.

oven treatment was mixed with the 300 pL PBS release medium. At
different time points samples of 200 pL were taken and replaced with the
same volume of fresh PBS/Tween buffer. The dissolution rate of dexa-
methasone particles in the release medium was also determined. In
detail, a dispersion of dexamethasone crystals in PBS (16.6 mg/mL) was
sonicated for 10 s. Subsequently, 30 pL of this dispersion was mixed with
300 pL PBS with 1 % tween and incubated at 37 °C. At different time
points the dispersion was spun down (at 25,000 g in RT for 15 min) and
200 pL of supernatant was taken and replaced by the same volume of
PBS with 1 % tween with 0.02% NaN3. To 100 pL of the release samples
or dissolution samples, 10 uL. DMSO was added to ensure full solubili-
zation of the released dexamethasone. Subsequently, the samples were
spun down again at 25,000 g for 15 min. Samples of the supernatant (60
pL) were analysed using Acquity UPLC (Waters Corporation, Milford,
MA) equipped with UPLC CSH C18 column (100 x 2.1 mm, 1.7 pm, 130
10\, Waters Corporation). Dexamethasone was detected at 246 nm and
quantification was done using a calibration curve of 0.5 to 400 pg/mL
dexamethasone in 100 % acetonitrile (ACN). Gradient mobile phase was
prepared using 5 % ACN in water as eluent A and 100 % ACN as eluent B,
both containing 1 % perchloric acid as pH modifier. Samples of 5 pL
were injected, the was flow rate 0.75 mL/min and the gradient run from
0 to 100 % B in 10 min. Results were analysed using Empower Software
(Version 3-FR5, Waters Corporation, USA).

2.7. FAB integrity upon incubation with PNF and PNM in buffer and after
release from PNF-PNM hydrogels

2.7.1. FAB integrity upon exposure to PNF and PNM polymers

To investigate whether the integrity of FAB upon exposure to PNF
and PNM was affected, SDS-PAGE analysis was used. PNF and PNM were
separately dissolved in PBS (2 mg/mL) on ice. Subsequently, 50 uL FAB
in PBS (2.52 mg/mL) was added to 50 pL solutions of PNF and PNM, and
the obtained samples were incubated at 4 and 37 °C for 3 h and for 13
days. As control, FAB was also incubated with 4arm-PEG10K-Maleimide
(PEG-Mal; obtained from JenKem Technology, USA) in PBS at the same
concentration and conditions. After incubation, 4 pL samples were
withdrawn. Next, 18.5 pL of PBS and 7.5 pL of solution of 250 mM Tris-
HCI pH 6.5 also containing 8 % sodium dodecyl sulphate (SDS) 0.008 %
(v/v) Bromophenol Blue; and 40 % (v/v) glycerol with and without
B-mercaptoethanol 5 % (100 mM) were added. Hereafter, the samples
and controls were heated for 10 min at 90 °C to denature FAB. Subse-
quently, 28 pL of the samples and 5 pL of the PageRulerTM Prestained
Protein ladder (Thermo Fischer Scientific) were pipetted into the Bolt
4-12% bis-tris-plus gel (Thermo Fischer Scientific) that was run in a Bolt
MOPS SDS running buffer (Thermo Fischer Scientific) at 100- V for 1 h.
The proteins in the gel were stained with Coomassie blue (Thermo
Fischer Scientific) overnight and washed in demineralized water before
imaging the SDS gel.
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2.7.2. FAB integrity after release from PNF-PNM hydrogels

FAB loaded hydrogels were prepared as described in section 2.4.2
and the release of the protein was studied as in section 2.7.1. The
integrity of the released FAB from the PNF-PNM hydrogels was inves-
tigated using SDS-PAGE as in section 2.8.1. SDS (7.5 pL) was added to
22.5 pL of the FAB release samples taken after 1 h, 1 day and 6 days.

2.8. Cytocompatibility of PNF and PNM

2.8.1. RAW 264.7 cell culture

RAW 264.7 macrophage-like mice cells (catalogue number TIB-71,
ATTC, Manassas, VA, USA) were cultured in humidified conditions at
37 °C and 5 % CO» with high glucose Gibco Dulbecco’s Modified Eagle
Medium (DMEM) (Sigma Aldrich, Zwijndrecht, the Netherlands) with
10 % heat-inactivated fetal bovine serum (GibcoTM Thermo Fischer
scientific). Cells between passage numbers 15 and 20 were used. The
cells were detached from the culture flask using a cell scraper and
subsequently counted with a TCTM automated cell counter (Biorad).
Next, the cells were seeded in a flat bottom Greiner CellStar 96-well
plate (#665090; GreinerBio-One GmbH, GE) at a density of 100,000
cells/em? and allowed to attach overnight prior to experiments.

2.8.2. ARPE-19 cell culture

Human retinal pigment epithelium derived ARPE-19 cells (catalogue
number CRL 2302, ATTC) were cultured in humidified conditions at 37
°C and 5 % COy with high glucose Gibco Dulbecco’s Modified Eagle
Medium/Nutrient Mixture F-12 (DMEM/F12) with 10 % FBS and 1 % -
glutamine. Cells between passage numbers 13 and 20 were used, de-
tached from the culture flask using a trypsin EDTA solution and counted
with a TCTM automated cell counter (Biorad). Next, the cells were
seeded in a flat bottom polystyrene 96-wells plate at a density of 32,000
cells/cm? and allowed to attach overnight prior to experiments.

2.8.3. Alamar blue cytotoxicity assay on RAW 264.7 and ARPE-19 cells
exposed to the polymers PNF and PNM

After cell culture (see section 2.8.1 and 2.8.2), the cell medium was
refreshed and the cells were incubated with 100 pL complete cell culture
medium containing PNF or PNM (concentration from 0 to 5 mg/mL (n =
3)). After 24 h incubation at 37 °C, the medium was refreshed and 10 pL
of AlamarBlue reagent (500 pM Resazurin sodium salt (Sigma-Aldrich)
in PBS) was added per well. It is noted that the medium was cloudy due
to polymer precipitation at 37 °C. As a negative control, the medium of 3
wells was replaced with complete cell culture medium containing 1 %
Triton X-100 to lyse the cells. After 15 min, 10 pL of the AlamarBlue
reagent was added. Three empty wells were also filled with 100 pL
medium and 10 pL AlamarBlue reagent was added to correct for the
background. The 96-wells plates were incubated for 3 h at 37 °C pro-
tected from light. The fluorescence was measured using a Fluostar OP-
TIMA (BMG Labtech GmbH, Ortenberg, Germany) plate reader with a
fluorescence excitation wavelength of 550 nm and an emission
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wavelength of 590 nm. After background correction, the fluorescence
intensities were normalized to the intensities of cells cultured in medium
without polymers.

2.8.4. Live-dead staining of RAW 264.7 and ARPE-19 cells exposed to the
polymers PNF and PNM

Cells seeded in a flat bottom glass 96-wells plate (Greiner CellStar 96-
well plate #655090) were cultured as described in section 2.8.1 and
2.8.2. The cells were incubated in medium containing PNF or PNM (0 to
5 mg/mL) (n = 2) in humidified conditions at 37 °C and 5 % CO,, for 24
h. Because the medium was cloudy due to precipitation of the polymer,
it was replaced by 100 pL medium containing 3 pM Calcein AM (Cayman
Chemical Company, MI, USA) and 25 pM propidium Iodide (PI) (Invi-
trogen Thermo Fisher Scientific). As negative control, medium of 3 wells
was replaced by medium containing 1 % Triton X-100 to lyse the cells.
After 15 min, the medium was replaced by 100 pL medium containing 3
uM Calcein AM and 25 pM PI. The cells were incubated for at least 5 min
before imaging. Minimal 3 images were made using a Yokogawa Cell
Voyager 7000 Spinning Disconfocal Microscope with a fluorescence
emission wavelength of 525 nm to visualize the living cells and 600 nm
for the dead cells. The images were further processed with ImageJ pro-
cessing software and the living and the dead cells were counted using
Columbus processing software.

2.8.5. Life-dead staining of RPE-19 cells in direct contact with PNF-PNM
hydrogels

Human retinal pigment epithelium cells were cultured in a flat bot-
tom glass 12-wells plate (Greiner CellStar glass bottom 24-well plate,
#662892) in 500 pL. DMEM/F12 (52,000 cells/cm?) as described in
section 2.8.2. Before cell seeding, a 10 wt% PNF-PNM solution (50 pL)
was placed in the corner of the well, and the hydrogel was formed upon
incubation for 3 h at 37 °C. After culturing cells with the PNF-PNM
hydrogel for 24 h in the wells, a life-dead staining was performed. In
short, 100 pL medium was removed and replaced by 50 pL medium
containing 30 pM Calcein AM (final concentration 3 pM) and 50 pL
medium containing 250 pM PI (final concentration 25 pM). As negative
control, 50 pL medium of 3 wells was replaced by 50 pL medium con-
taining 1% Triton X-100 to lyse cells. After 15 min, Calcein AM and PI
were added according to the protocol described above. Images were
made and processed according to section 2.8.4.

2.9. Video: Intravitreal injection of PNF-PNM hydrogel on an ex vivo
rabbit eye

The eyeball from a rabbit cadaver was enucleated within one hour
after animal termination. The eye was dissected using a scalpel to make
an incision and a towel forceps to ensure control and stability. First, the
eyelids of the eye that was enucleated were opened and stabilized by
clamping them to the skin. An incision was made on the skin with a
scalpel at the nasal and temporal side of the eye by making solid lines.
Subsequently, after removing the towel forceps, an incision on the skin
and periocular tissues by moving the scalpel parallel to the orbital rim
was made. At this point, the eyelids were still attached to the anterior
part of the eye. Therefore the eyeball was slightly pulled out of the
orbital cavity with the help of a towel forceps, the optic canal in the
sphenoid bone was located by touch, and the optic nerve was dissected
as deep as possible. Finally, any other remating periocular tissues sur-
rounding the eye inside the orbital cavity (muscles, connective tissues)
were dissected, and the eyeball was entirely pulled out of the orbital
cavity. The enucleated eye was stored in PBS buffer (pH 7.4) at 0 °C to
arrest the metabolic activity of the tissues. Prior to the intravitreal in-
jection, the eyeballs were incubated at 37 °C for 30 min in a water bath.
Hydrogel formulations of 10 wt% were chosen to assess if the formu-
lation with the lowest used concentration is able to form a stable gel in
an ex vivo setting. Therefore, PNF-PNM (10 wt%, 50 pL) samples were
prepared as described in section 2.4.1 and injected into the vitreous
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body of the rabbit eye using a syringe with a 30 G needle. After injection,
the eye was incubated at 37 °C for 3 h (to allow full chemical DA
crosslinking), after which an incision was made to expose the vitreous
body and to visualize the in situ formed hydrogel.

3. Results & discussion
3.1. Polymer synthesis and characterization

Fig. 2 shows the synthesis scheme of the two complementary poly-
mers, PNF and PNM, containing respectively furan and maleimide
functional groups. TAIC assay demonstrated that both terminal hydroxyl
groups of PEG with a number average molecular weight (M,,) of 6 kDa
were quantitively functionalized with bromoisobutyryl bromide groups
to yield a PEG macroinitiator. The macroinitiator was subsequently used
to copolymerize HEA and NIPAM through ATRP-polymerization to
obtain PNH, an ABA triblock copolymer as shown in Fig. 2A. The B-block
consists of PEG for its hydrophilic properties whereas the outer A-blocks
consist of two monomers, NIPAM, to render the polymer thermosensi-
tive, and HEA, to enable post-modification of the thermosensitive block
via coupling on its hydroxyl group. The PNH triblock copolymer after
dialysis and lyophilization was obtained with a yield of 90-95 %. Its
chemical composition was confirmed by 'H NMR analysis (see SI-fig.
1A). The molar feed ratio of NIPAM/HEA was 90:10 (Table 1), and a
ratio of 88:12 of the copolymers was measured by 'H NMR analysis.
Therefore, within the experimental error for NMR analysis, the
composition of the thermosensitive A block equals the feed ratio, which
is expected since the synthesized polymer was obtained in a high yield.
The obtained polymer had an M, of 43 kDa as determined by 'H NMR
analysis and of 33 kDa as determined by GPC with a polydispersity index
(PDI) of 1.7. (Table 1). The cloud point (CP) of PNH as determined by
light scattering was 32 °C (SI-fig. 2), which is in accordance with liter-
ature data for block copolymers containing PNIPAM rich blocks [55,56].
To allow Diels-Alder crosslinking, 67% (feed ratio) of HEA groups in
PNH were functionalized with either 3-(2-furyl)propionic acid or 6-mal-
eimidohexanoic acid via DCC/DMAP coupling to obtain the two com-
plementary thermosensitive triblock polymers PNF and PNM,
respectively, as shown in Fig. 2B, C. The esterification of the HEA
moieties was confirmed by 1 NMR (see SI-Fig. 1B, C) which showed a
ratio 88:4:8 between NIPAM, residual HEA and furan or maleimide
moieties respectively for PNF or PNM (Table 1). These results show that
the esterification was quantitative. The M, of the synthesized polymers
was determined by 'H NMR and GPC analysis. Results showed that PNF
had an M, of 44 kDa (‘H NMR) and 38 kDa (GPC) while PNM had an M,
of 46 kDa both by 'H NMR and GPC. The PDI of the polymers were
between 1.6 and 2.2. As expected, the CP of PNF and PNM slightly
decreased from 32 to 28 and 29 °C respectively, as PNM and PNF are
more hydrophobic than PNH.

3.2. Hydrogel formation and characteristics

Fig. 3A (left column) shows vials containing aqueous solutions of
either a mixture of PNF and PNM or the separate polymers directly after
dissolution at 4 °C. Subsequently, incubation of the polymer solutions
(mixture of PNF/PNM, PNF, PNM) for 2 h at 37 °C (Fig. 3A, middle
column) resulted in viscous opaque solutions for the individual polymers
due to physical self-assembly of the PNIPAM domains. On the other
hand, the PNF-PNM mixture under the same conditions formed an
opaque gel that lacked flow upon tilting the vial upside down (Fig. 3A,
middle column).

Fig. 3A (right column) shows that upon cooling down the samples to
4 °C resulted again in clear liquid solutions for both PNF and PNM. This
means that reversible physical interactions are responsible for the
change in visual appearance and gel formation of the PNF and PNM
systems upon incubation at 37 °C. Importantly, and in contrast, upon
cooling to 4 °C, the PNM-PNF mixture remained a gel, which strongly
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Fig. 2. A) Synthesis of PNH by ATRP polymerization and its functionalization with B) 3-(2-furyl)propionic acid resulting in PNF, and C) with 6-maleimidohexanoic

acid resulting in PNM.

Table 1

Characteristics of the three ABA triblock copolymers (PNH, PNF and PNM)
composed of PEG mid-block of 6 kDa with outer blocks of NIPAM (N) and HEA
(H) or furan (F) or maleimide (M).

Polymer  Feed Ratio Measured M, * M, " PDI Cloud
[N]:[H]: Ratio® (kpa)  (kDa) " Point ¢
[F1/IM] [N]:[H]:[F1/ (]
[M]
PNH 90:10:NA 88:12:NA 43 33 1.7 32
PNF 88:4:8 88:4:8 44 38 1.6 28
PNM 88:4:8 88:4:8 46 46 2.2 29

2 Determined by 'H NMR.
b Determined by GPC.
¢ Determined by light scattering.

suggests that DA crosslinking indeed had occurred after the physical
crosslinking and subsequent incubation at 37 °C.

Furthermore, scanning electron microscopy (SEM) analysis was
performed to examine the microstructure of freeze-dried drug-loaded
hydrogels and compare it with that of empty hydrogels. SI-Fig. 10 shows
different pore-type structures at three magnifications. Empty hydrogels
exhibited small, interconnected pores, while FAB protein-loaded
hydrogels had larger pores with smaller interconnected pores. Dex-
loaded hydrogels displayed heterogeneous microstructures with zones
of lamellar structures and flat surfaces with smaller pores.

3.2.1. Rheological characterization

Rheological studies were performed to study the gelation kinetics,
the reversibility of both the PNF-PNM formulation and individual
polymer solutions upon heating and cooling and the stiffness of the
formed PNM-PNF hydrogels.

The temperature at which G’ (storage modulus) crosses G" (loss
modulus) is defined here as the gelation temperature (Tge)). The PNF-
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PNM formulation showed a Tg at 23 °C, while the solutions of the in-
dividual PNF and PNM solutions showed a Tge of 24 and 28 °C,
respectively (Fig. 3B). The G’ of the hydrogels (PNM/PNF, PNM and PNF
solutions) progressively increased when the temperature increased from
Tge1 up to 37 °C most likely due to the thermosensitive nature of the
polymers.

After 30 min at 37 °C, the gels were stressed at a fixed strain and
increasing frequency. It was shown that the G’ of the gels based on PNF
or PNM increased (for PNM from 38 to 920 Pa, for PNF from 450 to
3200 Pa) with an increasing frequency (SI-Fig. 3A). This is to be ex-
pected as only physical crosslinks are present in the gel network. [47,57]
In contrast, after 30 min at 37 °C, the PNF-PNM hydrogel showed
already a substantial higher G’ (2200 Pa) at low frequency compared to
the single polymer gels that subsequently increased up 3430 Pa at higher
frequency (SI-Fig. 3A). This higher G’ of the PNF-PNM formulation
suggests that additional chemical crosslinks were formed. In addition,
Fig. 3B shows that a decrease in temperature of the separate polymer
systems resulted in a decrease of both G’ and G" which can be ascribed to
the reversible hydration of the pNIPAM blocks of the polymers. The
PNM system showed almost reversible behavior during cooling from 37
to 4 °C with a rapid decrease of G’, G" (Fig. 3 B1) and complex viscosity
(SI-Fig. 3D) between ~30 and 25 °C, while substantial hysteresis was
observed for the PNF system (Fig. 3 B2). This might be due to weak
heteroaromatic 7-m stacking interaction between the furan moieties
[58,59] formed above the LCST and still present upon cooling of the gel
below this temperature.

Fig. 3 B3, shows that when the PNF-PNM gel was cooled down from
37 to 4 °C, G’ remained higher than G" and G’ decreased from 3100 to
650 Pa while cooling from 37 to 23 °C, likely because of the loss of the
physical crosslinks below the LCST. Subsequently, G’ increased up to
3100 Pa at 4 °C, likely because additional DA crosslinks were formed in
time.

Drug-loaded PNF-PNM gels were also rheologically characterized.
The plateau modulus as a function of angular frequency at 37 °C showed
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Fig. 3. A) Images of PNF, PNM, and PNF-PNM systems at room temperature shortly after dissolution of the polymers, after incubation at 37 °C for 2 h and cooling
down to 4 °C. B) Rheogrammes of PNF and/or PNM polymer systems upon heating (4 to 37 °C) and cooling (37 to 4 °C). B1: PNM 10 wt% polymer, B2: PNF 10 wt%

polymer, and, B3: PNF-PNM mixture 10 wt%, at a 0.5 % strain.

only minor differences between FAB-loaded, dex-loaded, and non-
loaded gels (SI-Fig. 3 A, B, C). This means that the loaded drugs did
not interfere with the polymeric networks. As expected, all gels showed
a higher G’ with increasing polymer concentration, which points to a
higher crosslinking density. The calculated mesh size using the equation
mentioned in section 2.3. resulted in a value of 9 nm for 20 wt% gel and
21 nm for the 5 wt% gel (Table 2).

3.2.2. FTIR characterization

FTIR characteristics of the dried hydrogels and polymers were
investigated to show DA crosslinking between the furan functionalities
of PNF and maleimide functionalities of PNM after incubation in PBS for
3hat 37 °C. Fig. 4 shows that PNF-PNM hydrogels (A), PNM (B) and PNF
(C) absorbed IR light of 1455, 1640 and 1535 cm’l, which can be
assigned respectively to the CH3 bending vibration, the amide I band due

Table 2
G’ and mesh size (&) of the PNF-PNM hydrogels calculated using equation in
section 2.3.3.

hydrogel G’ of FAB Mesh size of G’ of Dex Mesh size of
loaded gel FAB loaded gel ~ loaded gel Dex loaded gel
(kPa) (nm) (kPa) (nm)
5 wt% PNE- 0.38 + 0.05 225+28 0.46 + 0.07 21.0 £ 3.1
PNM
10 wt%
PNF- 3.13 £ 0.45 111+ 1.6 0.97 + 0.15 16.4 + 2.6
PNM
20 wt%
PNF- 6.16 + 1.27 89+1.8 5.12 + 1.00 9.4+1.8
PNM
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to the C=O0 stretching vibration and amide II band (a combination of the
N—H bending and C—N stretching vibration) [60,61] all present in the
PNIPAM blocks of the polymers. The absorbance peak at 1737 cm ™! is
assigned to the C=O stretching vibration of the ester groups present in
PNF and PNM and in the hydrogel. Furthermore, the observed broad
peaks of the CH2CHj, stretching vibrations at 2800-3005 cm ! [62] are
ascribed to the PEG blocks of the PNF/PNM polymers and the hydrogel.
Additionally, the spectrum of PNM shows peaks at 1707 cm™! and at
695 cm™! which are assigned to the C=0 stretch and =C-H- bending
vibration of the maleimide group [63,64], while in the spectrum of PNF
a peak at 737 cm ™! is present which is ascribed to the = C-H- bend vi-
bration of the furan moiety [65,66]. The spectrum of the PNF-PNM
hydrogel prepared with a molar ratio maleimide/furan 1:1 (Fig. 4A)
clearly showed both the absence of the bending and stretching vibra-
tions at 695 and at 1707 cm ™", characteristic for the maleimide groups,
and at 737 cm ™!, characteristic for the furan group. The absence of these
peaks (indicated by the red arrow in Fig. 4) shows that maleimide and
furan moieties present in the PNM and PNF, respectively, were
consumed during network formation, demonstrating that DA chemical
crosslinking had occurred. It is noted that the absorbance at 1459 cm ™!
characteristic for the formed DA-adduct [67] was not detected in the
hydrogel due to the strong interference of the PNIPAM amide II band
and CH3 bending vibration at 1535 and 1455 cm ™, respectively.

3.2.3. Degradation of PNF-PNM hydrogels

During hydrogel formation at 37 °C, a concentration dependent
shrinking of the gels occurred, and the 15, 10 and 5 wt% gels lost,
respectively, 65, 44 and 17 % of their initial volumes. This means that a
higher extent of water expulsion and thus shrinking of the gels occurred
with increasing polymer concentration. This is likely due to higher
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PNIPAM content of the gel network with increasing polymer concen-
tration in combination with higher concentrations of the functional
groups, resulting in both a higher physical and chemical crosslink den-
sities. SI-fig. 5 shows that the hydrogels incubated in PBS at 37 °C
remained stable during incubation for >460 days, demonstrating that no
significant degradation of the gels occurred.

Iochonwu et al. and Kirchhof et al. [38,39] reported that DA
hydrogels degraded in aqueous solution (PBS pH 7.4) at 37 °C by retro
Diels Alder (rDA) reactions to generate furan and maleimide. The
degradation of DA crosslink-based hydrogels primarily occurs through
the irreversible hydrolytic ring opening of the maleimide group. Sur-
prisingly, under the same conditions, PNF-PNM hydrogels did not
degrade even after 460 days. This intriguing result may be attributed to
the location of the chemical DA crosslinks within the hydrophobic do-
mains of the hydrogel network. These domains limit water accessibility,
thereby slowing down the hydrolysis of maleimide groups. It is worth
noting that network degradation can also occur through hydrolysis of
the ester bonds that connect the P (PEG) to the NF or NM blocks. Ner-
adovic et al. [68] observed a half-life of 34 h for this ester bond at pH 8.5
and 37 °C in a similar block copolymer. Hence, it can be expected that at
pH 7.4 and 37 °C, the half-life would be approximately 340 h. However,
as mentioned before, the degradation time for PNF-PNM hydrogels at
pH 7.4 is significantly longer. To gain additional insights into the sta-
bility and degradation kinetics, 5 wt% PNF-PNM hydrogels were incu-
bated at 37 °C in buffers with pH 10 and 11. This was done to investigate
whether hydrolysis can take place under accelerated conditions, either
through rDA or ester hydrolysis. SI-fig. 5B shows that the swelling ratio
of the gel incubated at pH 11 rapidly decreased and complete degra-
dation was observed after 3 days, while the gel incubated at pH 10
showed slight increase in swelling ratio until complete degradation
between day 8 and 13. These results demonstrate that PNF-PNM
hydrogels are degradable by hydrolysis, but it is likely a very slow
process at neutral pH.

Moreover, it is crucial to consider the presence of degradation en-
zymes in the vitreous humor in an in vivo situation. Esterases, hydro-
lases, and other enzymes are present in the vitreous humor and possess
the ability to catalyze the hydrolysis of ester bonds within the hydrogel
[69]. These enzymes have the potential to actively contribute to the
degradation process, thereby influencing both the rate and extent of
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hydrogel degradation within the vitreous humor.

3.3. Drug release from PNF-PNM hydrogels

3.3.1. FAB release from PNF-PNM hydrogel

Fig. 5 shows that a substantial burst release was observed for the
different hydrogels depending on polymer concentration, most likely
due to water, and thus also protein, expulsion caused by dehydration of
the pNIPAM domains during hydrogel formation and shrinking (Fig. 1).
It is intuitively expected that this burst is correlated with the extent of
water expulsion. However, this was not observed since the burst was 46,
45 and 28 % for the 5, 10 and 20% hydrogels and thus not proportional
to the extent of dehydration (17, 44, 65% for 5, 10, 20 wt% gels,
respectively).

It was observed that the storage moduli (see SI-fig. 3) and Young’s
moduli (see SI-Fig. 4) increased with polymer weight % of the gels
pointing to an increase in crosslinking density with smaller mesh sizes
(Table 2), which might overall lead to lower burst release of the protein.
Fig. 5 further shows that during the first day, protein release was rapid,
followed by a subsequent slower release phase during the following 12
days. Fig. 5 also shows that hydrogels with 5 and 10 wt% polymer
content showed quantitative release of the loaded protein in 13 days,
while the 20 wt% hydrogel released 83 % of the loaded protein during
the same time (Fig. 5). The hydrodynamic radius of the FAB protein is
2.7 nm [70] (protein diameter of 5.4 nm) which is smaller than the
estimated average mesh size of the hydrogel network (see Table 2). The
turbid nature of the PNF-PNM hydrogels indicates that phase separation
into polymer- and water-rich areas occurred. As a consequence, protein
molecules present in the less densely crosslinked regions of the gel
network are mobile and rapidly diffuse out during the first day, whereas
in the second phase (day 1-13), protein molecules present in more
densely crosslinked zones are released. Similar biphasic release behavior
of proteins from phase separated PEG/thermosensitive hydrogels was
reported by Censi et al. [71] Likely, in the hydrogel with 20 % polymer,
protein molecules are entrapped in cages with pores smaller than the
hydrodynamic radius of the FAB restricting protein mobility and
resulting in incomplete release.

To more quantitatively evaluate the diffusional mass transport for
FAB release, the following analytical solution of Fick’s second law was
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where M; and M, are the cumulative amounts of FAB released at time t
and infinity, respectively; n and p are dummy variables; g, are the roots 75
of the Bessel function of the first kind of zero order [JO(qn) = 0]; D is the 3&
apparent diffusion coefficient of the protein in the hydrogel; R and H E
denote the radius and height of the cylindrical gels. In this study, the g
experimentally determined release plateau values of FAB (Fig. 5) were 2 50 4
considered as amounts released at “infinite” time and thus being the ?
mobile fraction of the loaded protein. e
The following boundary conditions apply to the derivation of this 25
equation:
1) Mass transport resistance in the release medium (bulk fluid) is
negligible compared to mass transport resistance in the hydrogel. 0 v v r - - r .
2) The protein is initially homogeneously and molecularly distributed 0 2 4 6 8 10 12 14
throughout the gel. time, d
3) FAB transport occurs in radial and axial direction of the cylindrical

hydrogel.

4) The diffusion coefficient of the protein is not dependent on time or
position.

5) The hydrogel does not dissolve or swell upon exposure to the me-
dium during the release period.

6) Protein release is zero at t = 0. Note that this assumption was not
fulfilled in the present study since the obtained gels after their
preparation including expelled buffer/proteins were transferred in
the release medium. Thus this expelled liquid was mixed with the
release medium at t = 0.

Fig. 6 shows an example for the fitting of Eq. 1 to experimentally
measured FAB release from a hydrogel of 5 % polymer. As it can be seen,
the agreement between the fitted curve and actual release data is poor
and Eq. 1 systematically underestimates protein release at early time
points, and overestimates FAB release at late time points. The same
observation was made for all other investigated hydrogels, irrespective
of the polymer concentration. This poor fit is not unexpected since some
of the boundary conditions mentioned above are not valid. Since as
pointed out, the hydrogels are likely phase separated systems with water
poor and water rich regions, the release of a protein from such gels
cannot be modelled with a single value for the diffusion coefficient of the
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Fig. 6. FAB release from a hydrogel based on 5 wt% polymer. The curve shows
the fitting of Eq. 1 to the experimental results (symbols). For Eq. 1, the
experimentally determined plateau value was considered as M.

protein in the heterogeneous hydrogel matrix.

3.3.2. The structural integrity of the FAB protein during formulation and
after release

Fig. 7A shows the coomassie blue SDS-PAGE stains (under non-
reducing conditions) of FAB incubated with PNF and PNM, at 4 °C
(below LCST) and 37 °C (above LCST) for 3 h and 13 days. The hydro-
philic non-thermosensitive 4 arm PEG-Mal was used as a positive control
because this polymer has been previously shown to form protein-
polymer conjugates [74,75] due to reaction of the maleimide function-
ality with SH and NHj groups of proteins. SDS-page analysis confirmed
that PEG-Mal indeed reacted with FAB already after 3 h incubation in
PBS at both 4 and 37 °C, and this reaction became more apparent after
13 days (as shown by the arrows in Fig. 7 A, likely pointing to the for-
mation of PEG adducts with two FAB molecules). Fig. 7A also shows that
PNF did not react with the FAB protein upon incubation for 3 h and 13
days at both 4 and 37 °C. However, FAB incubated with PNM for 13 days
4 °C showed a smear at higher apparent molecular weight of ~80-140
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kDa pointing to reaction of the maleimide groups of this polymer with
the protein. Interestingly, the FAB protein did not react with PNM upon
incubation at 37 °C for 13 days, likely because these groups are hidden
in the hydrophobic domains of the gel formed above the LCST and were
therefore not accessible for reaction with the protein. Importantly, SDS-
page and SEC analysis of the released Fab did also not show modification
of the protein (Fig. 7B, C) likely because the maleimide groups are
present in the hydrophobic domains of the gels, and, moreover their
concentration drops in time due to reaction with the furan groups during
hydrogel chemical crosslinking by Diels Alder reaction.

3.3.3. Release of dexamethasone from PNF-PNM hydrogels

Fig. 8 shows the release profiles of dexamethasone from PNM-PNF
hydrogels with different initial polymer content and the dissolution
profile of dexamethasone crystals in PBS/tween. It is shown that the
drug particles quantitatively dissolved within 5 days with ~90 % within
the first day (Fig. 8A). On the other hand the same figure shows that
after a small burst (~5% of the loading) sustained and almost quanti-
tative release (around 95 % of the loaded amount) was observed in ~35
days which demonstrate the contribution of the hydrogel in prolonging
the release of dexamethasone. Fig. 8 also shows that the different gels
released their content with the same kinetics. It should be remarked that
the gels have different cylindrical dimensions, and this thus points to a
different diffusivity of the drug in the gel matrices. Given the low
aqueous solubility (0.089 mg/mL) and log P (1.83) of dexamethasone
[76], this drug is likely solubilized in the hydrophobic pNIPAM domains
of the hydrogel. This design strategy allows for efficient loading and
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uniform distribution of dexamethasone within the hydrogel matrix. The
obtained results suggest that the weight fraction of these domains of the
hydrogel with the lowest initial polymer concentration (3 wt% gel) is
already sufficient to dissolve the loaded dexamethasone dose. Indeed,
the weight fraction of the hydrophobic domains is ~3 times higher than
that of the drug.

Eq. 1 was fitted to the experimentally obtained release profiles.
Fig. 9A shows an example for such a fitting. As it can be seen, the
experimental data are well fitted with eq. 1. This was also true for the
other investigated dexamethasone-loaded hydrogels, irrespective of the
polymer concentration (Fig. 9B). The following apparent diffusion co-
efficients of dexamethasone in the investigated hydrogel matrices were
calculated: D = (13.0 £ 0.4)x 1072, (3.1 £ 0.1)x 102, and (1.5 £ 0.6) x
10~? em?/s for hydrogels based on 3, 10 and 20 % polymer, respectively
(mean values +/— standard deviations, n = 3). These diffusion co-
efficients are, as expected, substantially smaller than the reported value
in water (6800 x 1072 cm?/s [77D. Eq. 1 is derived under the
assumption that the hydrogel structure is homogeneous, e.g. the exis-
tence of more hydrophobic vs. more hydrophilic regions with different
drug mobilities is not considered. Thus, apparent diffusion coefficients
are calculated, reflecting the overall dexamethasone mobility in the
heterogenous hydrogel matrices. The observation that the determined
apparent dexamethasone diffusion coefficient in the hydrogel decreases
with increasing polymer concentration might be explained by the
increasing volume fractions of hydrophobic pNIPAM domains in the
hydrogel matrices, with lower drug mobility.

Using the mean values of the determined apparent dexamethasone
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diffusion coefficients, the drug release kinetics from different hydrogels
were calculated and compared to the experimentally measured results.
Fig. 9B shows the respective fitted and experimental data. The excellent
agreement between Eq. 1 and the experimentally determined dexa-
methasone release kinetics suggests that the diffusion of the drug mol-
ecules through the hydrogel is much slower than the other phenomena
and is thus the releasing-determining factor. For instance, dexametha-
sone partitioning between the more hydrophobic and more hydrophilic
gel regions might is likely more rapid than drug diffusion through these
regions.

Fig. 8B shows that the average amount of dexamethasone released
per day for the gel formulations gradually decreased from ~100 to 0.1
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pg/day over 35 days. The vitreous concentration of dexamethasone in
patients that received 400 pg bolus injection of the drug was 25 ng/mL 3
days after intravitreal injection, with a half-life of 5.5h'2. The only
currently clinically available sustained release formulation for intraoc-
ular dexamethasone delivery is the OzurdexTM implant. This intra-
vitreal implant results between 90 and 180 days in a concentration of
1.31 + 1.94 pg/mL which still improves visual acuity [78]. In clinical
use, the maximum volume for intravitreal injection in humans is 100 pL
[79]. Therefore, the release rate of dexamethasone from the PNF-PNM
hydrogel is expected to be sufficient for reaching the therapeutic
range both in vitreous and retina for more 35 days after administration.
As mentioned, the PNF-PNM hydrogel formulations demonstrated
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controlled release of dexamethasone over a period of 35 days, with
release rates ranging from 100 to 0.1 pg/day. This resulted in vitreous
concentrations ranging from 25 to 0.025 pg/mL, considering the
approximate vitreous volume of 4 mL. These concentrations are far
above the therapeutic effective concentration based on clinical experi-
ence with the Ozurdex™ implant. It is worth noting that these concen-
trations still fall within the safe range observed in clinical practice.
Fonseca et al. [80] conducted a clinical study showing that intravitreal
administration of a 0.05 mL (200 pg) dexamethasone solution, with a
concentration of 4 mg/mL, was safe and effectively reduced macular
thickness secondary to diabetic macular edema (DME).

3.4. Cytocompatibility of PNF, PNM and PNF-PNM hydrogels

3.4.1. Cytotoxicity of RAW 264.7 and ARPE-19 cells exposed to PNF and
PNM

The Alamar-Blue assay was conducted on RAW 264.7 and ARPE-19
cells, representing inflammatory cells macrophages and human retina
cells, respectively, to determine the cell viability through the cells’
metabolic activity. As shown in SI-fig. 6, unexpectedly, upon exposure of
PNF to the cells, both RAW 264.7 and ARPE-19 cells showed metabolic
activities over 100% compared to the control. The highest metabolic
activities (153 4 6% for RAW 264.7 cells and 169 + 16% for ARPE-19
cells) were observed for the cells incubated with solutions of the high-
est PNF concentration (5 mg/mL). As a control, polymers were incu-
bated in culture medium without cells for 24 h at 37 °C, whereafter the
AlamarBlue assay was conducted. It was found that the polymers did not
interfere with the assay. Seong et al. [81] reported that cell receptors can
interact with hydrophobic portions (hyppos) of molecules. To prevent
damage due these hyppos, cells activate repair and remodel pathways
causing an increase in metabolic activity. Therefore, the observation of
the higher metabolic activity of cells incubated with PNF might be
ascribed to the hydrophobic character of the polymer at 37 °C. In
contrast, reduced metabolic activities were found for RAW 264.7 and
ARPE-19 cells when incubated with solutions of increasing PNM con-
centrations. Metabolic activities of cells incubated with solutions <1
mg/mL PNM were comparable with the positive control (cells incubated
with medium only), while incubation of the cells with >1 mg/mL the
solutions resulted in lower metabolic activities suggesting cytotoxicity.
This higher toxicity for PNM as compared to PNF, is likely caused by the
maleimide groups present, which might interact with membrane pro-
teins resulting in a decrease in metabolic activity of the cells.

The cell cytocompatibility of PNF and PNM was also performed using
alive-dead staining on RAW 264.7 and ARPE-19 cells (SI-fig. 8 and 9). In
line with the results of the AlamarBlue assay, after 24 h of incubation at
the studied concentrations (up to 5 mg/mL), PNF showed no toxicity to
the RAW macrophages (Fig. 8A and B). In contrast, viability was
compromised for RAW macrophages incubated with PNM in a
concentration-dependent manner (Fig. 8A and B). Macrophages incu-
bated with PNM (3-5 mg/mL) stained positive for both calcein and PI,
showing that moribund cells still had active esterases present in the
cytosol. The cells incubated with PNM at concentrations <1 mg/mL
retained their viability which is in line with the results of the Alamar-
Blue assay.

The results of the life-dead staining on the ARPE-19 cells retinal cells
incubated with PNF and PNM at the same concentrations exhibited the
same trend as observed for the macrophages (SI Fig. 9). ARPE-19 cells
and RAW 264.7 cells showed comparable amounts of living cells after
24 h incubation with PNF (SI Fig. 9 A, B). The retina ARPE-19 cells
incubated with solutions >2 mg/mL PNM stained majorly red, whereas
the viability of cells incubated with PNM at concentration < 1 mg/mL
was not compromised.

Overall, it can be concluded form both assays that PNM showed no
toxic effects. However, incubation of the cells with PNM caused toxic
effects at concentrations >1 mg/mL. Noteworthy, for the aimed appli-
cation the two complementary polymers are not administered
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separately, but are applied as an injectable formulation of the two
polymers and thus cells are only exposed for a short time to the indi-
vidual polymers as after injection of the formulation the temperature of
the gel will increase to 37 °C (thus above the LCST) and physically and
chemically crosslinked hydrogels will be formed.

To investigate whether the PNF-PNM system can be safely used as
intraocular drug delivery system, human retina cells were cultured in
direct contact with a PNF-PNM hydrogel for 24 h. Fig. 10 shows the
ARPE- 19 cells proliferated in close contact with the gel and the cell
viability was not affected by the hydrogel, showing the cytocompati-
bility of the PNF-PNM gel (SI-Fig. 7A, B).

4. Video: Intravitreal injection of PNF-PNM hydrogel through a
30 G needle into the vitreous body of an ex vivo rabbit eye

Injectability and syringeability are crucial for successful intravitreal
drug delivery. Injectability ensures easy drug administration via a sy-
ringe, while syringeability refers to smooth drug withdrawal into the
syringe. Optimizing these aspects enhances translational potential,
benefiting treatment. In this study, a 10 wt% PNF-PNM hydrogel
formulation was easily withdrawn and injected into the vitreous body of
an ex vivo New Zealand rabbit eye. For more information and visual
demonstration, the reader is referred to video 1 showing:

e Injection of 50 pL PNF-PNM formulation through a 30 G needle.

e After injection, followed by incubation of the eyeball at 37 °C for 3 h
(to allow full chemical DA crosslinking), an incision was made to
open the vitreous body.

e The hydrogel was visualized as white mass after the incision with a
clear distinction from the transparent vitreous.

The results demonstrate that PNF-PNM formulation can be easily
injected through a small 30G needle clinically recommended for intra-
vitreal injections [82]. Furthermore, the PNF-PNM formulation cross-
linked in situ the vitreous body by physical and subsequent chemical
reactions and demonstrated its potential as a local drug delivery system
for intraocular therapy. The hydrogel used in this study was intention-
ally designed to form a localized depot at the injection site. This
particular characteristic of the hydrogel prevents it from dispersing
throughout the vitreous humor, as it remains confined to a specific po-
sition. By localizing the hydrogel depot away from the visual pathway,
potential disruptions to vision are minimized, as the hydrogel is not
transparent, similar to many intraocular implants.

5. Conclusions

In this study, thermo-gelation was successfully combined with Diels
Alder chemical crosslinking to design stable in situ forming hydrogels.
This hydrogel is a versatile drug delivery system able to release two
loaded drugs with different physicochemical properties (dexamethasone
and FAB antibody fragment). The system can provide sustained release
of dexamethasone for 35 days, while the FAB protein was released for
13 days. Interestingly, the maleimide functional group present in the
hydrophobic domains of the polymer as well as in the formed hydrogel
did not react with the protein at temperatures above LCST, avoiding
unwanted protein modification during loading and release. The hydro-
gel is injectable through a 30 G needle and is well tolerated by retinal
cells making the developed system a potential candidate for intravitreal
drug therapy. In future directions, further preclinical and clinical in-
vestigations are necessary to determine the optimal dosing regimen and
fully understand the impact of our hydrogel system on administration
frequency. Additionally, exploring the applicability of our hydrogel
system beyond ocular therapies, considering its sustained release capa-
bilities, may uncover opportunities for in situ drug delivery in other
applications.

Supplementary data to this article can be found online at https://doi.
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