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Abstract:

Polymeric capsules exhibit significant potential for therapeutic applications as
microreactors, where the bio-chemical reactions of interest are efficiently performed in
a spatial and time defined manner due to the encapsulation of an active biomolecule
(e.g., enzyme) and control over the transfer of reagents and products through the
capsular membrane. In this work, catalase loaded polymer capsules functionalized with
an external layer of tannic acid (TA) are fabricated via a layer-by-layer approach using
calcium carbonate as a sacrificial template. The capsules functionalised with TA exhibit
a higher scavenging capacity for hydrogen peroxide and hydroxyl radicals, suggesting
that the external layer of TA shows intrinsic antioxidant properties, and represents a
valid strategy to increase the overall antioxidant potential of the developed capsules.
Additionally, the hydrogen peroxide scavenging capacity of the capsules is enhanced in
the presence of the encapsulated catalase. The capsules prevent oxidative stress in an in
vitro inflammation model of degenerative disc disease. Moreover, the expression of
matrix metalloproteinase-3 (MMP-3), and disintegrin and metalloproteinase with
thrombospondin motif-5 (ADAMTS-5), which represents the major proteolytic enzymes
in intervertebral disc, are attenuated in the presence of the polymer capsules. This
platform technology exhibits potential to reduce oxidative stress, a key modulator in the

pathology of a broad range of inflammatory diseases.
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1. Introduction

Polymer capsules have traditionally been employed in the biomedical field as
drug/gene/protein delivery vehicles. ' Based on natural or synthetic polymers, these
microstructures allow for the controlled spatiotemporal release of the encapsulated
entities through polymeric systems that respond to single or multiple biologically
relevant stimuli such as pH,4 tempelratulre5 and cell biomarkers.° Apart from the
aforementioned application, advances in biosciences and polymer synthesis have
allowed the development of novel applications of polymer capsules in the biomedical
field, including their use as microreactors, artificial organelles or cell mimics.”°

As microreactors, polymer capsules accommodate active biomolecules (e.g., enzymes)
inside their inner cavity that act in situ due to a continuous transfer of reagents and
products through a shell/membrane with selective pelrmeability.11 Polymer vesicles (i.e.,
polymersomes), which are fabricated in the absence of a sacrificial template via self-
assembly of amphiphilic block copolymers, have been widely employed as nanoreactors

12-15

which facilitate single or cascade enzymatic reactions. In these systems, the

permeability of the membrane is finely tuned through the use of copolymers that self-
assemble in compartments with a porous membrane,'® the incorporation of

17-20

biopores/protein channels in the membrane, or the use of copolymers generating

compartments whose membranes undergo conformational changes in response to
specific stimuli.*"

Apart from polymersomes, controlled enzymatic reactions can also be performed within
polymer capsules fabricated using a sacrificial template which act as a microreactor.”> >
These polymer capsules are usually fabricated via a layer-by-layer (LbL) approach

which involves the deposition of polymer layers through electrostatic, covalent or

hydrogen bonding interactions on a sacrificial core template which is then removed.



Additionally, these systems can be further modified via the incorporation of
nanoparticles or surface modification processes to yield polymer capsules with

advanced functionalities.?® ?’

For the encapsulation of enzymes and the subsequent use
as microreactors, calcium carbonate (CaCO3) represents the most promising sacrificial
template because of its inherent highly porous structure, ease of fabrication, high
encapsulation efficiencies, which can be dissolved under mild conditions.”® For this
reason, several enzymatic reactions performed within polymer capsules, fabricated
employing CaCOs as a sacrificial template, have been reported in the literature.”"
Despite the promising results observed in terms of encapsulation efficiencies, and
enzyme activity, the translation to therapeutic applications has not yet been achieved
and only a few studies have reported the use of these capsules in in vitro models.”

We developed polymer capsules that acted as antioxidant microreactors which scavenge
reactive oxygen species (ROS). These systems were tested to prevent oxidative stress in
an interleukin-1f (IL-1p) induced inflammation model of nucleus pulposus (NP). ROS
such as hydrogen peroxide (H,O;), hydroxyl (OH) and superoxide anion ('O;") radicals
are important signalling molecules that play a pivotal role in several cellular events
(including gene expression, transcription factor activation, DNA damage, cellular
proliferation and apoptosis).* ** Under normal physiological conditions, the levels of
ROS are efficiently regulated by several molecules and enzymes including glutathione,
superoxide dismutase and catalase which exhibit antioxidant properties.”> However,
overproduction of ROS can overwhelm the antioxidant capacity of cells resulting in
oxidative stress. The overproduction of ROS has been implicated in numerous disease
pathologies (including cancer,’®*’ neulrodegeneration38 and diabetes™). In degenerative

disc disease, several in vitro and in vivo studies conducted on NP and annulus fibrosus

(AF) cells have reported the activation of important signalling pathways including p38



mitogen-activated protein kinases (MAPK), extracellular signal-regulated kinases
(ERKSs), Jun amino-terminal kinases (JNKs), Akt, and nuclear factor-xB (NF—KB)4O
mediated by excessive ROS that induces senescence and apoptosis.41 This promotes a

catabolic and pro-inflammatory cell phenotype42’ 3

[as demonstrated by an up-regulated
expression of proteolytic enzymes (matrix metalloproteinases (MMPs), and disintegrins
and metalloproteinase with thrombospondin motifs (ADAMTSs)) and pro-inflammatory
cytokines (IL-1p, interleukin-8 (IL-8), interleukin-6 (IL-6)]. This causes an imbalance
in matrix homeostasis which results in degenerative disc disease which is one of the
main causes of low back pain. Considering the socio-economic impact, 60-80% of the
population of developed countries are affected by low back pain at some stage in their

. 44, 45
lives,

the development of biomaterial-based systems to restore matrix homeostasis
has gained significant interest in recent yeaurs.46

We hypothesize that polymer capsules with antioxidant properties will prevent
oxidative stress and attenuate the expression of major proteolytic enzymes in an IL-13
induced inflammation model of NP. We fabricated polymer capsules loaded with
catalase and functionalized with an external layer of TA via a LbL approach using
CaCO:s as a sacrificial template. Following comprehensive physico-chemical and
functional characterization of the polymer capsules, their therapeutic efficacy was
assessed on NP cells stimulated with IL-1f by analysing intracellular oxidative stress

and the expression of matrix metalloproteinase-3 (MMP-3) and disintegrins and

metalloproteinase with thrombospondin motif -5 (ADAMTS-5) (Figure 1).

2. Materials and Methods
2.1. Materials
CaCl,, Na,CO3, NaCl, ethylenediaminetetraacetic acid (EDTA), poly(allylamine

hydrochloride) (PAH) (M~58000 Da), dextran sulphate (DEX) from Leconostoc spp.
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(DEX) (M,>500000 Da), fluorescein 5(6)-isothiocyanate (FITC), FITC-dextran
sulphate sodium salt (My~500000 Da), tannic acid (TA), bovine serum albumin (BSA),
50 wt.% hydrogen peroxide solution, FeSO4- 7H>0, 5,5-dimethyl-1-pyrroline N-oxide
(DMPO), TRI Reagent®, Hank’s Balanced Salt Solution (HBSS), high glucose
Dulbecco’s modified Eagle s medium (HGDMEM), penicillin-streptomycin solution
(P/S), foetal bovine serum (FBS), protease from Streptomyces griseus, collagenase from
Clostridium histolyticum, fluorimetric hydrogen peroxide assay kit, Bradford reagent
and protease inhibitor cocktail were purchased from Sigma-Aldrich (Ireland).
AlamarBlue® cell viability reagent, live/dead® viability kit, rhodamine phalloidin,
Hoechst staining solution, CellIROX® green reagent, propidium iodide, BCA protein
assay kit and SuperSignal West Pico Chemiluminescent substrate were purchased from
ThermoFisher Scientific (Ireland). Human recombinant interleukin-1f cytokine was
purchased from PeproTech (USA) whereas phosphatase inhibitor (PhosSTOP) was

purchased from Roche (USA).

2.2. Fabrication and Characterization of Polymer Capsules

Fabrication of Polymer Capsules:

Polymer capsules were fabricated via the LbL approach using CaCOs microparticles as
a sacrificial template and PAH, DEX and TA as polyelectrolytes. For the fabrication of
the sacrificial template, 0.66 mL of a 1 M Na,COs solution and 0.66 mL of a 2 mg/mL
catalase solution were poured into an equal volume of 1 M CaCl, solution. In a
particular case, FITC-labelled catalase was employed to demonstrate the successful
encapsulation of the enzyme in the final polymer capsules. After vigorous stirring of
these solutions for 30 seconds, the obtained dispersion was centrifuged and the particles

were washed several times with a 0.005 M NaCl solution. Then, the particles were



suspended in a 2 mg/mL PAH solution of pH 6.5. After fifteen minutes of incubation,
the particles were centrifuged and washed several times with a 0.005 M NaCl solution.
Then, particles were suspended in a 2 mg/mL DEX solution at pH 6.5. This process was
repeated until three layers of PAH and two layers of DEX were alternatively deposited.
Finally, the particles were suspended in a 3 mg/mL TA solution at pH 6.5 and incubated
for fifteen minutes. After the corresponding washing steps, the particles were
submerged in a 0.1 M EDTA solution. After incubating for five minutes, the particles
were recovered by centrifugation. This process was repeated four times to guarantee the
complete removal of the sacrificial template. The resulting polymer capsules were
washed several times with PBS prior to conducting physico-chemical and

morphological characterization.

Physico-chemical and Morphological Characterization:

The amount of catalase loaded in the CaCO; template was determined via the Bradford
method using BSA for the calibration curve.’’ The supernatant after the precipitation
reaction between Na,CO3 and CaCl,, as well as the supernatant from all the washing
steps was collected and the amount of the enzyme was determined.

The C-potential of the particles after each polyelectrolyte deposition was collected from
a minimum of ten runs, using a Malvern Instruments Zetasizer NanoZS90. Infrared
spectra of the polyelectrolytes and capsules before and after the removal of the
sacrificial template were collected on a Varian 660-IR spectrometer operating in the
Attenuated Total Reflectance (ATR-FTIR) mode from Agilent Technology. The
morphology of the sacrificial template and the polymer capsules was characterized by
means of X-ray spectroscopy coupled scanning electron microscopy (EDX-SEM:

Hitachi S-4700) and transmission electron microscopy (TEM) (Hitachi H-7500). In the



particular case of polymer capsules fabricated with FITC-labelled catalase, the presence
of the enzyme within the capsules was confirmed by means of a laser confocal
microscope (Olympus Fluoview 1000).

Stopped-flow experiments were performed using a single mixing stopped-flow
apparatus (BioLogic SAS). A volume of 100 uL of a 10 mg/mL polymer capsules
solution was automatically injected in a 1.5 mm light path FC-15 observation cuvette.
Simultaneously, the same volume of a 20 mM H,O, solution was injected and the
absorbance at 240 nm was measured over a period of 200 seconds, using a sampling
period of 10 milliseconds and a total flow rate of 4.5 mL/second. In this experiment,
catalase in solution was used as a positive control at a concentration of 0.25 mg/mL.
Before each injection, a visual inspection and manual agitation of the syringes
containing the samples was carried out to avoid sedimentation of the polymer capsules.
Stopped-flow data was acquired and presented as an average of at least five injections
for each sample.

A fluorimetric hydrogen peroxide assay kit was employed to determine the H,O,
scavenging capacity of the capsules. Five or twenty uL of polymer capsule dispersion
was added to 1 mL of a 10 uM or 50 pM H,0, solution (final concentration of capsules
in the reaction volume was 100 or 400 ug/mL). After ten minutes of reaction, 50 uL of
each sample was added to a well in a 96-well plate together with another 50 uL of
master mix containing horseradish peroxidase and red peroxidase substrate. After
incubating for 20 minutes sheltered from light, the fluorescence intensity was measured
(Aex 540 nM/Aern 590 nm) to determine the H,O» concentration in the solution.

Electron paramagnetic resonance (EPR) measurements were carried out in a Bruker CW
EPR Elexsys-500 spectrometer to determine the hydroxyl radical (OH) scavenging

capacity of the developed polymer capsules. All EPR spectra were recorded at 298 K



employing the following acquisition parameters: microwave power 2 mW, modulation
frequency 100 kHz, modulation amplitude 1 G, receiver gain 60 dB. DMPO served as a
spin trap and the Fenton reaction was utilized to generate ‘OH radicals. e Briefly, 70 uL
of PBS was mixed with 10 uL of I mM FeSOy, 10 uL of 10 mM or 1 mM H,0O, and the
produced free radicals were trapped by the addition of 10 uL of a 1 M solution of
DMPO. The same reaction was performed in the presence of polymer capsules (final
concentration of capsules in the reaction 10 mg/mL, 4 mg/mL, 2 mg/mL or 1 mg/mL),
catalase (final concentration of catalase 50 pg/mL, 25 ug/mL, 10 pg/mL or 5 pg/mL) or
tannic acid (final concentration of tannic acid 450 ug/mL, 225 pg/mL, 90 ug/mL or 45
png/mL). The EPR spectra were collected 10 minutes after mixing all the reagents. The
double integral of the EPR spectrum was used to calculate the relative concentration of

the OH radical.

2.3. In Vitro Studies

NP Cell Isolation and Culture:

NP cells were isolated following the protocol described plreviously.46 Discs from five-
month-old bovine tails were collected immediately after sacrifice. After dissecting the
surrounding soft tissue, the discs were cut into four sagittal sections. The NP tissues
were then harvested from each section and washed twice using Hank's buffered salt
solution (HBSS) and once with blank high-glucose DMEM (HGDMEM). NP tissues
were subsequently digested with a 0.19% Pronase solution in HGDMEM for one hour
at 37 °C in a humidified atmosphere of 5% CO, under mild shaking. Afterwards, the
tissues were washed three times with complete (10% FBS+1% P/S) HGDMEM to
inhibit the activity of Pronase and then suspended in 0.025% collagenase type IV

solution in complete HGDMEM. The mixture was incubated overnight at 37 °C in a



humidified atmosphere of 5% CO, under mild shaking. The suspensions were filtered
through a 70 um cell strainer and a pellet of NP cells was obtained by centrifugation at
1,200 rpm for eight minutes. The pellets were finally washed once with complete
HGDMEM. Cells were transferred to tissue culture flasks and the media was changed
every three days until confluence. All the experiments were carried out after passaging
the cells once (all experiments were performed at passage one) and three biological

(different tails) and technical replicates were employed for statistical purposes.

Seeding of NP Cells:

NP cells were seeded at a density of 150,000 cells/cm” in complete HGDMEM for 24
hours. After this time, the media was replaced by fresh complete HGDMEM or fresh
complete HGDMEM containing 10 ng/mL of IL-1p to create an inflammatory milieu

46, 48

that mimics the disease environment of the IVD. Polymer capsules were added after

90 minutes at a final concentration of 100 pg/mL or 400 pg/mL.

Metabolic Activity and Viability of NP Cells:

The metabolic activity and viability of NP cells in the presence of polymer capsules
were evaluated using the alamarBlue® assay and Live/Dead® staining kit, respectively.
For the metabolic activity, at the selected time points (12 hours or 72 hours), media was
removed and cells were washed with HBSS and subsequently incubated for six hours at
37 °C in fresh complete media with alamarBlue® (10% v/v). Finally, 100 pL of the
assay media was transferred to a 96-well plate, the absorbance was read at 550 and 595
nm on a microplate reader (VarioskanFlash) and the percentage reduction of the dye
was calculated. For viability studies, after 72 hours, media was aspirated and cells were

washed twice with HBSS. Then, cells were incubated with HBSS containing 4 uM of
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ethidium homodimer-1 and 1 pM of calcein for 30 minutes at room temperature.
Finally, cells were washed twice in HBSS and observed under a laser confocal

microscope (Olympus Fluoview 1000).

Internalization of Polymer Capsules:

In this experiment, polymer capsules fabricated with FITC-dextran were employed. At
the selected time point (24 hours), media was removed and the cells were fixed with 4
% paraformaldehyde. After permeabilization of the membrane with 0.5% Triton X-100
in PBS, actin filaments and the nuclei of cells were stained with Rhodamine Phalloidin
(0.066 uM) and Hoechst (2 uM) staining solutions, respectively. Samples were
observed with a laser confocal microscope (Olympus Fluoview 1000).

Internalization of FITC-dextran capsules was also analysed by flow cytometry. At the
selected time point (24 hours), NP cells were detached with 0.25 % trypsin/ 0.02 %
EDTA and suspended in FACS buffer at a cell density of 10° cells/mL. Cells were
stained with propidium iodide (PI) (0.1pg/mL) prior to analysis. Flow cytometry
analysis was done using an Accuri C6 sampler flow cytometer (Becton Dickinson
Bioscience). Posterior data analysis was performed using FlowJo software (TreeStar
Inc.). Typical gating strategies were done by means of gating size (Forward
Scatter_FSC) versus granularity (Side Scatter_SSC), doublet exclusion based on FSC-H
versus FSC-A, and dead cell exclusion by gating on negative PI fluorescence

population.

Oxidative Stress Measurements:
To measure the presence of ROS in NP cells, CellROX® Green reagent was employed.

After an incubation period of 72 hours with the polymer capsules, the media was

11



replaced by HBSS containing 5 uM of CellROX® Green reagent and incubated for 30
minutes at 37 °C. The reagent was then aspirated and the cells were washed three times
with HBSS. Finally, cells underwent a fixing and staining (Rhodamine Phalloidin for
actin filaments and Hoechst staining solution for nuclei) process as described above
prior to analysis via laser confocal microscopy (Olympus Fluoview 1000). Observation
of CellROX® green reagent was performed at A.,=485 nm/A.,=520 nm and an exposure time of
250 ms; observation of nuclei was performed at A.,=352 nm/A.,=461 nm and an exposure time
of 150 ms; observation of actin filaments was performed at A.,=540 nm/A,,=565 nm and an
exposure time of 250 ms. For quantification purposes, a single z slice of confocal images was
obtained from five microscopic views of each three technical replicates and the images were
analysed by Image J software version 1.48 (NIH, Bethesda, MD, USA). The CellROX®

positively stained cells were quantified and expressed as a percentage of the total cells

mRNA Expression of MMP-3 and ADAMTS-5:

After an incubation period of 72 hours with the polymer capsules, total RNA was
extracted using TRI Reagent® and miRNeasy mini kit (Qiagen) following the
manufacture’s protocol. Total RNA (100 ng/uL) was reverse transcribed using random
primer (Promega) and reverse transcriptase (Promega) in a 20 puL reaction mixture using
PTC DNA Engine System (PTC-200, Peltier Thermal Cycler, MJ Research Inc.). The
cDNA products were amplified using SYBR green (Qiagen) PCR Master Mix
(Promega) and the corresponding pair of primers (Eurofins) (Table S1). Reactions were
conducted using StepOnePlus Real-Time PCR System (Applied Biosystems) and the

-AACt
2

results analysed using method and presented as fold change (with respect to NP

cells in fresh complete HGDMEM without IL-1f) normalized to 18S.
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IL-6 Secretion:
After an incubation period of 12 hours or 72 hours with polymer capsules, the media
was collected and the level of IL-6 was checked by the DuoSet ELISA kit (R&D

Systems) following the protocol recommended in the kit.

Western Blotting:

After an incubation period of 15 minutes or 90 minutes with polymer capsules, cells
were lysed in a Radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris—HCI, pH
8.0, 150 mM NacCl, 0.02% sodium azide, 0.1% sodium dodecyl sulphate (SDS), 1%
Nonidet P-40, 0.5% sodium deoxycholate) with protease inhibitor cocktail (1:100),
phenylmethylsulfonylfluoride (1:50) and phosphatase inhibitor (1:10). Protein
concentration in cell lysates was determined using a BCA protein assay kit. An equal
amount of protein from each sample was separated by 10% SDS polyacrylamide gel
electrophoresis and transferred to a polyvinylidene difluoride (PVDF) membrane. The
membrane was blocked with either 5% milk or 5% BSA depending upon the suitability
of primary antibodies to avoid non-specific binding of antibodies. Blots were probed
overnight at 4°C with 1:2,000 rabbit anti-P-NF-xB p65 (Ser536) (93H1) (Cell
signalling, 3033s), mouse anti-NF-xB p65 (F-6) (Santacruz biotech, sc-8008) and
1:15,000 anti-B-actin (Sigma, A5441). Next, horseradish peroxidase-conjugated
secondary goat anti-rabbit or goat anti-mouse antibodies (prepared in 5% milk or 5%

BSA at 1:10,000) were applied followed by enhanced chemiluminescence detection.
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2.4. Statistical Analysis

All quantitative data related to the fabrication and characterization of polymer capsules
are presented as the mean + standard deviation (SD). For in vitro studies three
biological and technical replicates were employed and the results are presented as the
mean + standard error. The statistical difference between groups was tested by #-test and

one-way analysis of variance (ANOVA) at a confidence level of 95% (p < 0.05).

3. Results and Discussion

3.1. Fabrication of Catalase-Loaded and Tannic Acid-Functionalized Polymer
Capsules

For the fabrication of polymer capsules, the CaCOj3 sacrificial template was first
synthesized by colloidal crystallization from a supersaturated solution.*’ This process
resulted in the formation of catalase-loaded CaCOs spherical microparticles with a
diameter size of 2-3 um (Figure 2a and 2b). Catalase was loaded into the CaCOs
template via a co-precipitation approach that has been reported to result in a five-fold
higher encapsulation efficiency compared to physical adsorption methods.”® The
encapsulation efficiency of catalase in the CaCO; template was 97.8%, as determined
by the Bradford assay (Figure S1). Considering that protein loss during EDTA treatment
is inversely proportional to the size of the encapsulated entity and the number of
polymer layers,” the amount of catalase (Mcar 250 kDa) in the final polymer capsules
is sufficient to effectively scavenge H,O,. The template initially showed a negative
surface charge at pH 6.5 due to the presence of catalase that has an isoelectric point (pI)
of 5.4. Accordingly, for the LbL approach, the template was first incubated with PAH
and the surface charge shifted from the initial value of -6.5+2.5 mV to 4.7+1.2 mV

(Figure 2e). Thereafter, the particles were alternatively incubated in DEX and PAH
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solutions and the surface charge changed from negative to positive as expected. After
the deposition of five layers (PAH-DEX-PAH-DEX-PAH), particles were
functionalized with TA which, apart from the electrostatic interaction with PAH, forms
hydrogen bonds through the formation of hydrogen-centred complexes with the primary
amines of PAH.? Finally, the particles were immersed in a 0.1 M EDTA solution to
remove the CaCOs. As observed by SEM and TEM, polymer capsules retained their
spherical shape and were hollow after treatment with EDTA due to their slightly
collapsed appearance (Figure 2c and 2d). To confirm the complete removal of CaCOs3
from the polymer capsules, FTIR (Figure 2f) and EDX (Figure S2) spectra were
acquired. The CaCO; FTIR spectrum was characterized by the presence of two main
bands centred at 1384 cm™ and 870 cm™ that correspond respectively to asymmetric v3
and asymmetric v4 vibrations of COs;. Before the treatment with EDTA, these two bands
were still present in the spectrum together with bands at 1492 cm and 1591 cm™ and
bands in the 1000 cm™-1300 cm™ range associated with the bending vibration of
primary amines from PAH and the vibrations of C-O, C-C bonds and S=0 asymmetrical
vibration from DEX respectively. However, after treatment with EDTA, the bands at
1384 cm’! and 870 cm™! associated with the CaCOs sacrificial template were not
observed in the FTIR spectrum and only those bands at 1492 cm™ and 1591 cm™ and in
the 1000 cm™-1300 cm™ range corresponding to PAH and DEX respectively were
detected.

In the EDX spectra, no signal associated with Ca was observed after the EDTA
treatment, confirming the complete removal of the sacrificial template (Figure S2). To
confirm the presence of catalase in the polymer capsules, FITC-labelled catalase was
utilised in the fabrication process. As observed in fluorescent micrographs (Figure 2g

and Figure 2 h), catalase was present within the polymer capsules at the end of the
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fabrication process. Moreover, after incubating the samples for three days in PBS at 37
°C, no significant decrease in the fluorescence intensity was observed, highlighting the
stability of the polymer capsules under physiological conditions and the lack of

permeability of their membrane towards encapsulated FITC-catalase (Figure S3).

3.2. H,0; and ‘OH Scavenging Capacity of Polymer Capsules

To demonstrate the H,O, scavenging ability of the developed capsules, firstly stopped-
flow measurements were conducted using a 10 mM H,0, concentration. In this
experiment, the absorbance of the solution at 240 nm, which is proportional to the H,O,
concentration, was continuously monitored over a period of 200 seconds. Free catalase
(catalase in solution) was employed as a positive control. As observed in Figure 3a, the
concentration of H,O» rapidly decreased in the presence of 0.25 mg/mL free catalase
due to the well-known H,O» scavenging capacity of this enzyme.53 Empty capsules
(polymer capsules without catalase and not functionalized with TA) acted as negative
controls. In this case, the concentration of H,O, was maintained in the presence of 5
mg/mL of empty capsules, indicating that the polyelectrolytes employed for their
fabrication did not have any capacity to scavenge H,O, from the solution per se. In
contrast, the concentration of H,O, in the presence of capsules loaded with catalase
(CAT) and further functionalized with TA (TA+CAT) decreased in a time dependent
manner (Figure 3a). As expected, H,O, degradation by catalase-loaded capsules
occurred more slowly than in the case of free enzyme. It has to be considered that the
multilayer polymeric shell acts as a barrier between the substrate and the enzyme, and
so the substrate has to cross the polymeric shell following a Fickian diffusion

54,55

mechanism. Those capsules loaded with catalase and functionalized with TA

(TA+CAT) showed a slightly higher scavenging capacity than the capsules that were
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not functionalized with TA (CAT), suggesting that TA may additionally scavenge H>O,
and contribute to the overall H,O, scavenging capacity of these capsules.

To analyse the H,O, scavenging capacity of the developed systems in biologically
relevant H,O, concentrations,”® a fluorimetric hydrogen peroxide assay kit was used. In
this experiment, polymer capsules with a concentration of 100 pg/mL or 400 pg/mL and
a H,O, concentration of 10 uM or 50 uM were used (Figure 3b and Figure S4). The
concentration of H,O, was maintained in the presence of empty capsules, confirming
that these capsules did not possess the capacity to scavenge H,O, per se. However, the
concentration of H,O, significantly decreased in the presence of 400 ug/mL tannic acid-
functionalized capsules (TA), capsules loaded with catalase (CAT) and capsules loaded
with catalase and further functionalized with TA (TA+CAT). Here the concentration of
H,0, dropped from 10£0.2 uM to 4.9+0.1, 2.4+0.1and 2.7+0.5 pM respectively in the
presence of TA, CAT and TA+CAT capsules.

Similarly, at the highest HO, concentration, the H,O, concentration dropped from
50£1.3 uM to 41.7+0.7, 25.9+0.2 and 17.6+0.4 uM respectively in the presence of TA,
CAT and TA+CAT capsules. From this experiment, it can be concluded that TA can
scavenge H,O, by itself, which has been previously reported in the literature.’’
Additionally, the H,O, scavenging capacity of the capsules is enhanced in the presence
of the encapsulated catalase. To further prove the stability of the encapsulated catalase,
the capability of the capsules to scavenge H,O, after being submerged in PBS at 37 °C
for one and three days was also assessed. As depicted in Figure S5, polymer capsules
retain their initial activity (relative activity with respect to the activity of the capsules at
day 0 > 95%) after being incubated for one day. However, the relative activity dropped
to 68% ([H,0,] 10 uM) and 40% ([H,O,] 50 uM) when the capsules were incubated in

PBS for three days.

17



The capacity of the developed capsules to scavenge ‘OH, which represents an important
oxidant species within the ROS family, was analysed by EPR employing a Fenton
reaction (Fe** + H,O, - Fe’* + OH+ OH) to generate 'OH. Considering the short half-
life of 'OH in solution at room temperature (100 us), DMPO was used as a spin trap to
form a DMPO/ OH adduct with a half-life of around 15 minutes.'®>® The EPR spectrum
of the DMPO/ OH adduct is characterized by four peaks with peak intensity ratios of
1:2:2:1 and hyperfine coupling constants ay and ay for '*N and 'H of 14.9 G. As a first
approach, the Fenton reaction was performed with a final concentration of H,O, of 1
mM in the presence of catalase or tannic acid in solution (Figure S6). Tannic acid
showed a potent scavenging capacity towards hydroxyl radicals. In this sense, after the
incorporation of 450 ug/mL (260 uM) of tannic acid, no signal was detected by EPR.
Even the addition of 45 ug/mL (26 uM) of tannic acid resulted in a clear decrease in the
double integral of the EPR spectrum, which is proportional to the OH radical
concentration. In contrast, incorporation of catalase did not have any significant effect
on the acquired spectra at the concentrations studied. Next, the Fenton reaction (final
concentration of H;O, of 1 mM) was performed in the presence of different
concentrations of empty capsules, capsules functionalized with TA, capsules loaded
with catalase (CAT) and capsules loaded with catalase and further functionalized with
TA (TA+CAT) (Figure 3c). The EPR signal intensity remained constant in the presence
of various concentrations of empty and CAT capsules (neither of which were
functionalized with TA) and no significant change in the OH radical concentration was
observed (Figure 3d). Conversely, the signal intensity decreased in a concentration-
dependent manner in the presence of capsules functionalized with tannic acid (TA+CAT
capsules). In this situation, the OH radical concentration decreased steadily up to a

capsule concentration of 4 mg/mL. A trend similar to the one reported for the Fenton
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reaction performed with a final H>O, concentration of 1 mM was observed when the
reaction was performed with a final H>O, concentration of 100 uM (Figure S7 and
Figure S8). Tannic acid is a natural polyphenol which has been shown to exhibit
considerable capability to scavenge several free radicals and pro-oxidant molecules
thanks to its redox properties, which allow it to act as a reducing agent, hydrogen donor
and quencher of singlet oxygen.sg'62 Accordingly, and in view of the EPR results
presented herein, functionalization of the polymer capsules with an external layer of
tannic acid is a valid strategy to confer ‘OH scavenging capabilities and to increase the

overall antioxidant potential of the developed capsules.

3.3. Interaction of Polymer Capsules with NP Cells In Vitro

In the present work, we used primary NP cells isolated from bovine tails as a cell
source. These chondrocyte-like cells are commonly embedded in a network of collagen
fibrils (mainly collagen type II) together with a proteoglycan-rich gelatinous matrix
which is surrounded by the AF % This cell type was chosen to study the mechanisms
associated with degenerative disc disease due to its importance in preserving the
metabolic homeostasis of the disc by balancing the synthesis of extracellular matrix
(ECM) components and the catabolic activity by degradative enzymes such as
proteases.

NP cells were stimulated with 10 ng/mL of the pro-inflammatory cytokine IL-1f.
Western blotting showed the activation of the noncanonical nuclear factor-kb (NF-kB)
pathway by IL-1 in NP cells (Figure S9a and Figure S9b). Addition of polymer
capsules did not significantly interfere with this mechanism at the selected time-points.
The increased secretion of IL-6 in the supernatant corroborated with the stimulation of

NP cells by IL-1p (Figure S9c¢). In this case, a slight but significant reduction in the
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levels of IL-6 was observed in cells treated with polymer capsules. Overall, the results
from western blot experiments, together with the secretion of IL-6, validates our
inflammation model, irrespective of the presence of polymer capsules. In response to
IL-1B, IkB kinase complex (IKK) is activated, leading to a phosphorylation-induced
degradation of IkB. This enables the translocation of NF-kB into the nucleus and the
subsequent activation of gene transcription (Figure S9d).** ¢

Stimulation with IL-1p has been reported to aggravate oxidative stress in cells from the
intervertebral disc (IVD).%® Additionally, IL-1p which is highly expressed in the
degenerative disc is involved in multiple pathological processes including
inflammation, matrix degradation, angiogenesis and innervation.®’ Therefore,

stimulation with IL-1f represents a more clinically relevant stimulus to induce oxidative

stress than the direct addition of hydrogen peroxide.“

3.3.1. Metabolic Activity and Viability of NP Cells

Figure 4a shows the metabolic activity of IL-1p-stimulated NP cells in the absence or
presence of 400 pg/mL of catalase-loaded (CAT) or catalase-loaded and tannic acid-
functionalized (TA+CAT) polymer capsules. The metabolic activity was normalized at
each time-point with respect to the metabolic activity of NP cells seeded in the absence
of polymer capsules and IL-1. As observed in Figure 4, neither stimulation with IL-18
nor the addition of polymer capsules had a detrimental effect on the metabolic activity
of NP cells. A metabolic activity greater than 85% was recorded for all conditions
studied. NP cells also maintained their normal metabolic activity when they were
seeded in the presence of different concentrations of polymer capsules and in the

absence of IL-1f (Figure S10). These results were supported by viability experiments
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(Figures 4b-e), where no marked decrease in the viability of NP cells was observed in

the presence of either IL-1f or the polymer capsules.

3.3.2. Cell Uptake

To determine whether the developed capsules were uptaken by NP cells, polymer
capsules were fabricated using FITC-labelled dextran instead of DEX. Accordingly,
polymer capsule internalization could be qualitatively and quantitatively analysed via
fluorescent microscopy and flow cytometry, respectively. As observed in the fluorescent
micrographs (Figure 4f and Figure 4g), FITC-labelled polymer capsules are co-localized
with actin filaments, suggesting that they are internalized by NP cells. These qualitative
results were further confirmed by flow cytometry measurements. After the
corresponding gating strategy to exclude dead cells, two cell populations were
observed: cells with FITC-labelled polymer capsules and cells without FITC-labelled
polymer capsules (Figure 4h). This analysis indicated that over 70% of NP cells had
internalized FITC-labelled polymer capsules after 24 hours of incubation. It has been
previously reported that several cell types (including macrophages, ovarian carcinoma
2008 and C13 cell lines, smooth muscle cells and neuroblastoma B50 cells) are able to
internalize polymer capsules fabricated via the LbL approach using CaCOj; sacrificial

templates.*® ">

3.3.3. Intracellular Oxidative Stress Attenuation in the Presence of Capsules
CelIROX® Green reagent, which is a cell-permeable reagent that becomes fluorescent
upon oxidation with ROS, was employed to determine intracellular oxidative stress in
NP cells. As observed in Figure 5a and Figure 5b, stimulation of NP cells with 10

ng/mL of IL-1p resulted in a significant increase in the CellROX® positively stained
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cells. In this sense, less than 10% of NP cells were positively stained with CellROX®
under basal conditions, whereas 67% of NP cells were positively stained after
stimulation with IL-1p. Following treatment with 400 ug/mL of catalase- loaded (CAT)
capsules, the amount of positively stained NPs decreased to 46%. The treatment with
400 pg/mL of catalase-loaded and tannic acid-functionalized (TA+CAT) capsules
further decreased this percentage to 3%.

Previous studies have reported that treatment with antioxidant compounds is an efficient
strategy to prevent or reduce oxidative stress in H,O,-stimulated NP cells.”> ™ As an
illustration, NP cells isolated from rats were preincubated with 10 uM or 50 uM of
pyrroloquinoline quinone and subsequently stimulated with 200 uM of H,O,.”* It was
observed that the increase in intracellular ROS due to H>O; stimulation was partially
inhibited by the treatment with pyrroloquinoline quinone. In another example, Cheng et
al” employed 500 uM ferulic acid to prevent oxidative stress in rabbit NP cells
stimulated with 100 uM of H,0,.

Unlike the aforementioned studies, we employed IL-1[3, which is highly expressed in
the degenerative disc and thus represents a clinically more relevant stimulus, to induce
oxidative stress in NP cells. Stimulation with IL-1f contributes to intracellular oxidative
stress because it stimulates the production of H,O»,”> ‘OH’® and "0, "’ radicals by cells.
Briefly, IL-1p interacts with its cell surface receptor and activates a cascade of
intracellular reactions that activates several signal transduction pathways such as NF-kB
and MAPK.”*” As a result, the expression of several enzymes that are associated with
the generation of ROS is upregulated.go The NADPH oxidases (NOX), a membrane
enzyme that produces superoxide, has been found to mediate the generation of ROS by
several cell types stimulated with IL-1 [3.81 In a study carried out by Rousset et al.,82

NOX4 was identified as the main NOX isoform in human chondrocytes. Expression of
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NOX4 and the consequent generation of ROS was upregulated after stimulating the

cells with IL-1.

3.3.4. Expression of Proteolytic Enzymes (MMP-3 and ADAMTS-5)

The expression of MMP-3 and ADAMTS-5 of NP cells in basal conditions or cells
stimulated with IL-1 in the absence or presence of 400 pg/mL of catalase-loaded
(CAT) or catalase-loaded and tannic acid-functionalized (TA+CAT) capsules was
evaluated via qRT-PCR. The results displayed in Figure Sc were normalised with
respect to NP cells under basal conditions and to the house-keeping gene (18S).
Stimulation of NP cells with 10 ng/mL of IL-1p clearly upregulated the mRNA
expression of both proteolytic enzymes. In this case, a 48.8+11.5-fold and a 9.1+0.7-
fold increase for MMP-3 and ADAMTS-5 respectively, was observed in those cells
stimulated with IL-1f with respect to NP cells under basal conditions. The treatment
with catalase-loaded capsules (CAT) significantly downregulated the expression of both
enzymes and, accordingly, a 27.54+6.8-fold and a 4.1+0.5-fold increase for MMP-3 and
ADAMTS-5 was observed with respect to NP cells under basal conditions. Treatment
with catalase-loaded and tannic acid-functionalised (TA+CAT) capsules proved more
effective in downregulating the expression of both enzymes. In this situation, a
21.4+1.4-fold and a 3.5%1.9-fold increase was observed with respect to NP cells under
basal conditions.

MMPs and ADAMTSs are the major proteolytic enzymes in the IVD and, in the non-
degenerated disc, contribute to normal tissue repair and mmodelling.83 However, in the
degenerated disc, the expression of these proteolytic enzymes is upregulated over the
natural inhibitors such as tissue inhibitor of metalloproteinases (TIMP), which causes a

dysregulation of the homeostasis mechanism and results in disc degeneration. % MMP-3
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proteolyses several components of the extracellular matrix of the disc such as
proteoglycans, gelatins and collagens, whereas ADAMTS-5 has shown aggrecanolytic
properties. It has been reported that stimulation of NP and AF cells with IL-1f highly
upregulates the expression of MMP-3 and ADAMTS-5 due to activation of the NF-kB

66, 67

and MAPK signalling pathways. On the other hand, it has been demonstrated that

excessive ROS promotes a catabolic phenotype in NP and AF cells.”*®

For example,
the expression of MMP-3 was significantly upregulated in AF cells that were stimulated
with 100 uM H,0,.* Interestingly, treatment with an antioxidant (N-acetyl cysteine)
down-regulated the expression of MMP-3 with respect to untreated cells. Similar results
were reported in another study, where the up-regulation of MMP-3 was reported in NP
cells that were stimulated with 100 pM H,0,." Again, the treatment with an antioxidant
compound (ferulic acid) efficiently attenuated the expression of MMP-3. In summary,
oxidative stress and inflammation causes an imbalance in the matrix homeostasis with
an increased expression of proteolytic enzymes and a decrease in the levels of matrix
components (including aggrecan, collagen)86 that results in disc degeneration.

Therefore, treatments that target the excess ROS may represent a promising strategy to

prevent disc degeneration.

4. Conclusions

In the present work, we fabricated polymer capsules loaded with catalase and
functionalized with an external layer of TA via the LbL approach. Catalase remained
active inside the polymer capsules and was able to scavenge H.O» from solution, while
the external layer of TA showed intrinsic antioxidant properties, being able to scavenge
both H,O, and "'OH. The fabricated polymer capsules were applied in an IL-1f induced

NP inflammation model to evaluate their potential to prevent oxidative stress. Polymer
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capsules were uptaken by NP cells and their presence did not negatively affect the
metabolic activity nor the viability of the cells. The levels of intracellular ROS in IL-1f3
stimulated cells were reduced by the presence of the polymer capsules, which
demonstrated their potential to prevent oxidative stress. Additionally, the expression of
two major proteolytic enzymes (MMP-3 and ADAMTS-5) was attenuated in the

presence of the polymer capsules.
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Figure Captions

Figure 1: Schematic representation of the experimental work plan. (List of
abbreviations: SEM: scanning electron microscopy/TEM: transmission electron
microscopy/DLS: dynamic light scattering/ FTIR: Fourier transform infrared
spectroscopy/EDX: energy-dispersive X-ray spectroscopy/EPR: electron paramagnetic

resonance).

Figure 2: Morphological characterization via SEM (a-c) and TEM (d) of catalase-
loaded CaCOs template (a, b) and polymer capsules (c, d). {-potential of catalase-loaded
CaCOs template and particles after each polyelectrolyte deposition step (e). FTIR
spectra of polymer capsules before and after EDTA treatment (f); Figure g and h (at
higher magnification) represent fluorescent micrographs of FITC-labeled catalase-

loaded polymer capsules.

Figure 3: Stopped-flow absorbance measurements with a final H,O, concentration of
10 mM (a). Fluorimetric measurements to determine the H,O, scavenging capacity of
the developed capsules (400 ug/mL) at biologically relevant H,O» concentrations (10
UM and 50 uM) (b). Asterisks (*) indicate significant differences (p<0.05). EPR spectra
of DMPO/OH (final H,O, concentration 1 mM) adduct in the presence of several

concentrations of polymer capsules (c); the relative concentration of the OH radical (d).

Figure 4: Metabolic activity of NP cells in the presence of polymer capsules (a).
Viability of non-stimulated NP cells (b) Viability of NP cells stimulated with IL-15 (c)
Viability of NP cells stimulated with IL-1f in the presence of catalase-loaded capsules

(d) Viability of NP cells stimulated with IL-1f in the presence of catalase-loaded and
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tannic acid-functionalized capsules (e). Fluorescent micrographs of NP cells in the
presence of FITC-labelled polymer capsules (f and g) (Nuclei-Hoechst: Blue/Actin
filaments-Rhodamine Phalloidin: Red/Polymer capsules-FITC: Green). White arrows
highlight the colocalization of FITC-labelled capsules with actin filaments.
Representative dot-plot of NP cells in the absence (h-left) or presence (h-middle) of
FITC-labelled capsules and the resulting histogram (h-right) (blue-absence of polymer

capsules/green-presence of polymer capsules).

Figure 5: Fluorescent micrographs of NP cells (Nuclei-Hoechst: Blue/Actin filaments-
Rhodamine Phalloidin: Red/Oxidative Stress-CellROX®: Green) (a) and corresponding
quantification (b). Gene expression of MMP-3 and ADAMTS-5 normalized with
respect to NP cells under basal conditions and house-keeping gene (18S). Asterisks (*)
indicate significant differences (p<0.05) with respect to stimulated (i.e., IL-1p treated)

cells.

Figure S1: Calibration curve and calculation of catalase encapsulation efficiency via

the Bradford assay.

Figure S2: SEM micrographs and EDX spectra of polymer capsules before and after

the removal of the CaCOs; template.

Figure S3: Fluorescent micrographs of FITC-labeled catalase-loaded polymer capsules

after 0 and 3 days incubated in PBS at 37 °C.
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Figure S4: Fluorimetric measurements to determine the H,O» scavenging capacity of
the developed capsules (100 pg/mL and 400 ug/mL) at biologically relevant H.O»
concentrations (10 uM and 50 pM). Asterisks (*) indicate significant differences

(p<0.05) with respect to the control (i.e., empty capsules).

Figure S5: Relative activity of TA+CAT capsules (400 pg/mL) after being submerged

in PBS at 37 °C with respect to TA+CAT capsules non-submerged (day 0) in PBS.

Figure S6: EPR spectra of DMPO/ OH (final H,O, concentration 1 mM) adduct in the
presence of several concentrations of tannic acid and catalase in solution and the

relative concentration of the OH radical.

Figure S7: EPR spectra of DMPO/OH (final H,O» concentration 100 uM) adduct in
the presence of several concentrations of tannic acid and catalase in solution and the

relative concentration of the OH radical.

Figure S8: EPR spectra of DMPO/'OH (final H,O, concentration 100 uM) adduct in

the presence of several concentrations of polymer capsules and the relative

concentration of the OH radical.
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Figure S9: Western blotting (a) and densitometry analysis (b) of NP cells stimulated
with IL-1p in the presence of polymeric capsules with respect to non-stimulated NP
cells. Secretion of IL-6 in the supernatant after NP cells were stimulated with IL-1p and
treated with CAT and TA+CAT -capsules (c); Schematic representation of the
inflammation in vitro model employed (d). Asterisks (*) indicate significant differences
(p<0.05) with respect to NP cells, whereas # indicates significant differences (p<0.05)

with respect to stimulated (i.e., IL-1f treated) cells.

Figure S10: Metabolic activity of NP cells in the presence of TA+CAT polymer

capsules (100 or 400 pg/mL).

Table S1: Primers utilized in qRT-PCR analysis
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Na,CO; CaCl, (1M)
(M) CAT (3 mg/ml)

Byproduct
® Morphology: SEM, TEM
® Surface charge: DLS

LbL EDTA Substrate
(PAH, DEX, TA) (0.1M, pH=6.5)

o Physico-chemical properties: FTIR, EDX
e Encapsulation efficiency: Bradford Assay
e Catalase encapsulation: Confocal microscopy
® Antioxidant capacity: stopped-flow device,
H,0, fluorimetric test, EPR
CaCO3 microparticles | CaCO; microparticles Polymer capsules
loaded with CAT coated with PAH, loaded with CAT and
DEX and TA functionalised with TA o

Ajtoxicity: AlamarBlue®

o Viability: Live/Dead

o Capsule uptake: flow cytometry

o Cytokine release: ELISA

o Signaling pathway: Western Blot

e Oxidative stress: CellRox®

Seeding of NP cells Stimulation with RICEUNEAWIG RVl Expression of proteolytic enzymes: qRT-PCR
IL-18 (10 ng/ml) of polymer capsules
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Oxidative stress damages important cell structures leading to cellular apoptosis and
senescence, for numerous disease pathologies including cancer, neurodegeneration or
osteoarthritis. Thus, the development of biomaterials-based systems to control oxidative
stress has gained an increasing interest. Herein, polymer capsules loaded with catalase
and functionalized with an external layer of tannic acid are fabricated, which can
efficiently scavenge important reactive oxygen species (i.e., hydroxyl radicals and
hydrogen peroxide) and modulate extracellular matrix activity in an in vitro
inflammation model of nucleus pulposus. The present work represents accordingly, an
important advance in the development and application of polymer capsules with
antioxidant properties for the treatment of oxidative stress, which is applicable for
multiple inflammatory disease targets.
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