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Intervertebral disc (IVD) degeneration is one of the most common causes of low back pain (LBP), the lead-
ing disorder in terms of years lived with disability. Inflammation can play a role in LPB, while impairs IVD
regeneration. In spite of this, different inflammatory targets have been purposed in the context of IVD
regeneration.

Anti-inflammatory nanoparticles (NPs) of Chitosan and Poly-(y-glutamic acid) with a non-steroidal
anti-inflammatory drug, diclofenac (Df), were previously shown to counteract a pro-inflammatory
response of human macrophages. Here, the effect of intradiscal injection of Df-NPs in degenerated IVD
was evaluated. For that, Df-NPs were injected in a bovine IVD organ culture in pro-inflammatory/
degenerative conditions, upon stimulation with needle-puncture and interleukin (IL)-1B. Df-NPs were
internalized by IVD cells, down-regulating IL-6, IL-8, MMP1 and MMP3, and decreasing PGE, production,
compared with IL-1B-stimulated IVD punches. Interestingly, at the same time, Df-NPs promoted an up-
regulation of extracellular matrix (ECM) proteins, namely collagen type Il and aggrecan. Allover, this
study suggests that IVD treatment with Df-NPs not only reduces inflammation, but also delays and/or
decreases ECM degradation, opening perspectives to new intradiscal therapies for IVD degeneration,
based on the modulation of inflammation.
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Statement of Significance

Degeneration of the IVD is an age-related progressive process considered to be the major cause of spine
disorders. The pro-inflammatory environment and biomechanics of the degenerated IVD is a challenge
for regenerative therapies. The novelty of this work is the intradiscal injection of an anti-inflammatory
therapy based on Chitosan (Ch)/Poly-(y-glutamic acid) (y-PGA) nanoparticles (NPs) with an anti-
inflammatory drug (diclofenac, Df), previously developed by us. This drug delivery system was tested
in a pro-inflammatory/degenerative intervertebral disc ex vivo model. The main findings support the suc-
cess of an anti-inflammatory therapy for degenerated IVD that not only reduces inflammation but also
promotes native IVD matrix production.

© 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Pathologies of intervertebral disc (IVD) such as disc degenera-
tion, herniation or cervical radiculopathology are strongly associ-
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ated with low back pain (LBP) [1,2]. This might be caused by
herniation-induced pressure on over-sensitized nerve roots, due
to mechanical stimuli, and by molecules arising from the inflam-
matory cascade [1,3].

In degenerated discs, an up-regulation of metalloproteinases
(MMPs) and an over-expression of a wide number of inflammatory
mediators (tumor necrosis factor (TNF)-a, interleukin (IL)-18, IL-6)
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have been observed. A balance between inflammatory mediators
and their counter-regulatory molecules may be important for
determining the immune and regenerative outcome of IVD
pathologies [4,5].

Current therapeutic interventions for degenerated IVD are
determined by the degree, severity and persistence of pain: conser-
vative approaches, involving rest, pain medication or physiother-
apy, in contrast to non-conservative treatments that include
microdiscectomy, spinal fusion of two or more disc levels, or disc
replacement by prostheses. However, these approaches are only
transient and may affect patients’ mobility or induce adjacent-
level IVD degeneration within few years, leading to chronic low
back pain symptoms [2,6].

Therefore, new therapies for degenerative disc disease have
been encouraged and intradiscal injection of different molecules
has been one of the most appealing strategies. In this context,
inflammatory players (including TNF, IL-1 and IL-6) have been sug-
gested as possible targets [5,7]. For example, intradiscal injections
of steroids or glucocorticoids are currently performed to decrease
intradiscal inflammation in patients with nucleus pulposus-
induced spinal nerve root injury [8,9]. Nonetheless, only 25% of
success rate has been shown with intradiscal steroid injection at
short-term follow-up [10]. At long-term, in patients with chronic
LBP, this strategy did not show clinical benefits [11]. Furthermore,
intradiscal steroids are thought to promote spinal segment stabi-
lization via further disc degeneration [12].

Non-steroidal anti-inflammatory drugs (NSAIDs), as diclofenac
(Df), are considered the most effective anti-inflammatory drugs
[13]. These drugs affect the arachidonic acid cascade, inhibiting
particularly the cyclo-oxygenase (COX) and lipoxygenase path-
ways, decreasing inflammation and pain [14,15], and have been
widely used in osteoarticular disorders [16]. A local NSAIDs-
based therapy would increase drug targeting and bioactivity, while
minimizing drug bio-distribution through the organism and the
risk of side effects [17].

Different strategies are being investigated to treat degenerated
IVD, such as hydrogels for nucleus pulposus replacement, cell-
based therapies, growth factors injection or gene therapy [18].
Inflammation is an important aspect of this disorder that is fre-
quently neglected, but its control in the degenerated IVD scenario
is crucial for tissue regeneration. Recently, IL-10 and TGF-p anti-
inflammatory molecules were described as potential successful
therapeutic approaches for the treatment of LBP mediated by IVD
degeneration, not only inhibiting inflammation but also, in the case
of TGF-B, promoting ECM production [19,20]. Anti-inflammatory
NPs have been previously investigated by our group: Chitosan
(Ch)/Df/Poly-y-glutamic acid (y-PGA) NPs were able to inhibit
and revert prostaglandin E, (PGE;) production by activated macro-
phages in vitro, while decreasing IL-6 and partially TNF-o produc-
tion [17]. So, here we address the effect of these NPs to control
inflammation in degenerated IVD. These NPs revealed to be an
effective drug-delivery system that can be combined with other
strategies as hydrogels to control local inflammation.

Chitosan (Ch) is a natural biodegradable polysaccharide that has
been widely used in biomedical applications, mainly in drug deliv-
ery systems, gene therapy and tissue engineering [21]. Ch is bio-
chemically active, biocompatible and non-toxic [22]. Previous
studies from our group have shown that Ch ultra-thin surfaces
polarized macrophages into an M2c phenotype and stimulated
dendritic cells, without leading to significant T-cell proliferation
[23]. In vivo, Ch implants with higher degree of acetylation (DA,
15%) induced a stronger inflammatory reaction, with more
extended fibrous capsule and higher number of infiltrated cells
[24]. Nevertheless, when Fibrinogen was adsorbed in Ch films,
most inflammatory cytokines produced by monocytes/-
macrophages were downregulated [25]. Also, when Resolvin D1,

a lipid inflammatory mediator, was incorporated into Ch implants,
the immune response was almost shut down [26]. Overall, Ch is a
versatile biomaterial that can be tuned by its chemistry or protein
incorporation to be immunomodulatory [27]. On the other hand,
v-PGA is a naturally occurring peptide that consists of p- and
L-glutamic acids polymerized through y-glutamyl bonds. Contrar-
ily to a-PGA, a counterpart chemically synthesized, y-PGA is
microbially produced by certain Bacillus strains as a capsular or
extra-cellular viscous material, is water-soluble, biochemically
degraded into glutamate residues and non-toxic [28]. Also, by
forming a ternary complex, y-PGA can be recognized by an intrin-
sic membrane protein, y-glutamyl transpeptidase (GGT), resulting
in a significant increase in its cellular uptake [28,29].

Ch and y-PGA are ions with opposite charges that sponta-
neously self-assemble in a controlled pH environment. The electro-
static interactions between Ch and y-PGA have been previously
explored by our group [22]. Ch/y-PGA polyelectrolytes are stable
at pH 5.0 and have been proposed as delivery systems for different
proteins/molecules in different contexts: stromal derived factor-1
[30], interferon-y [31] and Df [17]. Ch/y-PGA nanoparticles (NPs)
with Df were previously demonstrated to be an effective anti-
inflammatory drug delivery system in vitro [17].

Therefore, we propose the intradiscal injection of an anti-
inflammatory drug delivery system based on Ch/Df/y-PGA NPs to
locally control the inflammatory response in degenerated IVD.
For that, a pro-inflammatory/degenerated bovine IVD organ cul-
ture model recently established was used [32]. The effect of Ch/
Df/y-PGA NPs specifically on IVD inflammatory markers was here
addressed, and also ECM remodeling upon this therapy was
evaluated.

2. Materials and methods

2.1. Pro-inflammatory IVD organ culture model and intradiscal anti-
inflammatory treatment

Bovine IVDs were isolated from young adult animals’ tails (age
<48 months old) within 3 h post-slaughter in a local slaughter-
house, with the ethical approval of the Portuguese National
Authority for Animal Health. Caudal discs were isolated and cul-
tured according to Teixeira et al. [32]. Briefly, standardized disc
punches (with diameter of 9 mm) were collected with nucleus
pulposus in the center and few surrounding annulus lamellae
and maintained for 6 days in 6-well tissue culture plates, with
membrane filter inserts and 0.46 MPa static loading. Basal
medium (BM) was Dulbecco’s Modified Eagle’s Medium with low
glucose (DMEM, Biochrom), supplemented with 5% v/v fetal bovine
serum (FBS, HyClone), 1% v/v penicillin/streptomycin (10.000 U/
mL/10.000 pg/mL, Biowest), 0.5% v/v amphotericin B (Capricorn)
and with the osmolarity adjusted to IVD-physiological 400 mOsm
by addition of 1.5% v/v of a 5 M NaCl/0.4 M KClI solution. Samples
were incubated at reduced oxygen atmosphere (37 °C, 6% O, and
8.5% CO,) and saturated humidity. Culture medium was replaced
every second day.

Pro-inflammatory/degenerative stimulation was induced as
optimized by Teixeira et al. [32]. Briefly, after 6 days of culture in
BM, IVD organ cultures were injured by needle-puncture with a
sterile 21-gauge needle and stimulated with pro-inflammatory fac-
tor IL-1B (100 ng/mL, PeproTech). Three hours after pro-
inflammatory stimulus, discs were treated with injection of
500 pL (corresponding to 10% v/v in solution) of Ch/y-PGA NPs
(0.7 mg/mL), Ch/Df/y-PGA NPs (0.7 mg/mL) (Df, Sigma-Aldrich)
using a microsyringe and a 33-gauge needle (Hamilton). The time
point for treatment was selected based on previous work from our
team [17,32]. Non-manipulated samples kept in BM were used as
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controls. The effects were evaluated 2 days later by gene expres-
sion and PGE, production quantification. Metabolic activity of the
disc cells, tissue DNA and sGAG content and pH of culture super-
natants were also analyzed at this time point. For analysis of
ECM components at protein level, organ cultures were maintained
for 14 days and samples collected for histology. The experimental
scheme and groups are represented in Fig. 1.

2.2. Mitochondrial metabolic activity of IVD cells in the organ culture
model

To assess cell mitochondrial metabolic activity, resazurin
assay was performed. Resazurin (Sigma-Aldrich) stock solution
(0.1 mg/mL) was added to IVD culture medium at a final
concentration of 10% v/v. Samples were incubated for 3 h at 37 °C.
Fluorescence intensity was measured in a spectrophotometer
microplate reader (BioTek Synergy HT), with 530 nm excitation
filters and 590 nm emission filters. A calibration curve was
previously designed to exclude saturated values.

2.3. DNA quantification

DNA content of IVD punches was quantified using Quant-iT
PicoGreen double standard DNA (dsDNA) kit (Invitrogen), accord-
ing to manufacturer’s instructions, and normalized to the wet
weight of the digested tissue. Tissue digests were obtained by pre-
vious incubation of the IVD minced samples with proteinase K
(Sigma-Aldrich) solution (0.5 mg/mL in phosphate buffer contain-
ing 10.68 g/L NaH,PO,4-2H,0, 8.45 g/L Na,HPO4-7H,0 and 3.36 g/L
Disodium-EDTA in ultrapure water, pH 6.5) overnight at 56 °C.

2.4. Ch/y-PGA nanoparticles preparation and incorporation of
diclofenac

Ch/y-PGA and Ch/Df/y-PGA NPs were prepared by co-
acervation as previously described by our team [17,33]. Briefly,
Ch (France-Chitine) was purified and characterized after purifica-
tion according to Antunes et al. [22]. Ch with DA of 10.4+1.6%

Injection of

ChiDffy-PGA

N

}

(degree of deacetylation of approximately 89.6%), determined by
Fourier transform infrared spectrometry using KBr pellets (FTIR-
KBr), and molecular weight (Mw) of 324 + 27 kDa, determined by
size-exclusion chromatography, was used. y-PGA (Mw of 10-50 kDa;
purity level of 99.5%) was microbially produced by Bacillus
subtilis as described by Pereira et al. [33]. Ch/y-PGA NPs were pre-
pared at a molar ratio of 1:1.5 (mol Ch:mol y-PGA) [17]. Solutions
of Ch (0.2 mg/mL in 0.2 M AcOH) and y-PGA (0.2 mg/mL in 0.05 M
Tris-HCI buffer with 0.15 M NaCl) were combined by co-acervation
method, in which y-PGA solution was added dropwise to Ch
solution, using a 1 mL syringe in a syringe pump (KD Scientific
Inc., Holliston, MA), at constant speed (3.6 pLL/s) and high stirring
at room temperature. The solution’s pH was adjusted to 5.0. Df
sodium salt (Sigma-Aldrich) solution (10 mg/mL in distilled water)
was incorporated in Ch/y-PGA NPs at a molar ratio of 2:0.35:1.5
(mol Ch:mol Df:mol y-PGA), according to Gongalves et al. [17].

2.5. Characterization of Ch/Df/y-PGA nanoparticles

NPs were characterized concerning their size and polydisper-
sion index (PdI) by dynamic light scattering (DLS, ZetaSizer Nano
Zs, Malvern Instruments) as described elsewhere [35]. The calcula-
tion used as dispersants the original solutions of y-PGA (y-PGA at
0.2 mg/mL in 0.05 M Tris-HCI buffer with 0.15M NaCl) and Ch
(0.2 mg/mL in 0.2 M AcOH), i.e. the solutions where the NPs were
formed.

2.6. Preparation of fluorescent Ch and fluorescent Ch/y-PGA
nanoparticles with and without Df

Fluorescent NPs were prepared according to Gongalves et al.
[17]. Briefly, Ch was labeled with fluorescein isothiocyanate (FITC)
with 5% of modification (5% of amine groups with FITC), 100 mg of
dried Ch were dissolved in 100 mL of 1% v/v AcOH at 4 °C until
complete dissolution. FITC (11 mg to achieve 5% modification)
was dissolved in 100 mL of methanol. Both solutions (Ch and FITC)
were mixed at constant stirring, protected from light, for 3 h. The
FITC-labeled Ch (ftCh) was then precipitated with 0.5 M NaOH
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Fig. 1. Scheme of the experimental timeline and experimental groups.
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and washed with ultrapure water until no fluorescence was seen in
the supernatant. ftCh was lyophilized, dried and weighted. ftCh/Df/
v-PGA NPs (Df-ftNPs) were prepared as described above.

2.7. Analysis of internalization of ftCh/Df/y-PGA nanoparticles by IVD
cells using confocal microscopy

Df-ftNPs internalization by IVD cells in the tissue organ culture
was analyzed by confocal laser scanning microscopy (CLSM). The
Df-ftNPs were injected in disc punches (0.7 mg/mL) as described
above. After 1h of incubation at 37 °C, approximately a 1 mm
thickness slice was collected from the center of the disc punch
and fixed with 4% v/v paraformaldehyde (PFA). Cells cytoskeleton
was stained with Alexa Fluor 594-conjugated Phalloidin (Invitro-
gen), while cell nuclei were stained with Vectashield with DAPIL
The tissue was imaged by CLSM (Leica TCS SP5 AOBS, Leica
Microsystems). Z-stacks and orthogonal projections (in XZ and
YZ) of single images were analyzed using Image] 1.43u software
(Wayne Rasband).

2.8. Quantification of ftCh/Df/y-PGA nanoparticles internalization by
IVD cells in the organ culture model

The internalization of Df-ftNPs was quantified by imaging
flow cytometry. Disc punches were incubated with Df-ftNPs
(0.7 mg/mL) for 3 h. Afterwards, tissue samples were dissected into
2-3 mm? fragments and enzymatically digested for 2 h in 1 mg/mL
collagenase type I (Sigma-Aldrich) in DMEM, under agitation
(50 rpm), reduced oxygen atmosphere (37 °C, 6% O, and 8.5%
C0,) and saturated humidity. The supernatant was passed through
a 100 pm filter (BD Falcon) to remove tissue debris. Cells were col-
lected by centrifugation at 400g for 7 min. The cell suspension was
washed once with PBS and fixed in 1% v/v PFA. For imaging flow
cytometry (ImagestreamX, Amnis, EDM Millipore), only single cells
were used in the analysis, ftCh fluorescence was assessed in Chan-
nel 2 (505-560 nm) and at least 2000 events were collected. Image
analysis was performed using IDEAS® data analysis software
(Amnis). Internalization quantification is described in Supplemen-
tary Materials and Methods (S1.1). Briefly, internalization score
was calculated based on the ratio of the FITC fluorescence intensity
inside the cell and the intensity of the entire cell [34,35]. Higher
scores denote larger NPs concentration in the cell cytoplasm, while
negative scores denote cells with little internalization.

2.9. Quantitative real-time reverse transcription polymerase chain
reaction

Gene expression levels were determined by quantitative real-
time reverse transcription polymerase chain reaction (qRT-PCR)
on cDNA derived from disc samples. Specific primer pairs were
designed using published gene sequences (PubMed, NCBI Entrez
Nucleotide Database) and Primer 3 software48 for bovine IL-6,
IL-8, MMP1, MMP3, collagen type II (Col II), aggrecan (Agg) and glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH) [32], and synthe-
sized by Alfagene. The analysis was carried out using SYBR Green
method. Briefly, IVD punches were digested enzymatically as
described above, cell pellets were recovered and total RNA was
extracted with ReliaPrep RNA Cell Miniprep System (Promega)
according to the manufacturer’s instructions. Total RNA was quan-
tified by a NanoDrop spectrophotometer (ND-1000, Thermo) and
RNA quality was assessed by means of RNA ratio. Total RNA was
reverse transcribed into cDNA using SuperScript® III Reverse Tran-
scriptase kit (Invitrogen). Gene expression levels were determined
by qRT-PCR conducted on iQ5 Real-Time PCR Detection System
(Bio-Rad), and using iQ™ SYBR® Green Supermix (Bio-Rad).
Statistical analysis was performed on AC; values according to a

modified method described by MacLean et al. [36]. Fold changes
in gene expression were presented as 2~(3VeraseAACH The yerage
Ct value of each triplicate measurement of each sample was nor-
malized to the house-keeping gene GAPDH in each sample
(ACt = Ctgene of interest) — Cticappn))- The ACt of each stimulated
sample was related to the respective ACt of each control sample.
Normalized values of samples collected at the end of the experi-
ments were compared with the control and between the different
experimental groups.

2.10. Prostaglandin E, quantification in culture supernatants

Culture medium collected at day 8 was centrifuged (3000 rpm,
5 min) and kept at —20 °C for posterior analysis. PGE, was quanti-
fied by ELISA (Arbor Assays) according to manufacturer’s instruc-
tions and normalized by total protein. The bicinchoninic acid
colorimetric protein assay was performed according to the manu-
facturer’s instructions (Bio-Rad).

2.11. Sulphated glucosaminoglycans quantification

Sulphated glucosaminoglycans (sGAG) content of IVD punches
was assessed at day 8 by reaction with 1,9-dimethyl-methylene
blue zinc chloride double salt (DMMB, Sigma-Aldrich) dye reagent
solution, containing 40 mM sodium chloride (NaCl, Roth), 40 mM
Glycine (Roth) and 46 pM DMMB, previously adjusted to pH 3.0.
Chondroitin sulphate A sodium salt from bovine trachea (Sigma)
was used as standard. Results were normalized by DNA content.

2.12. Detection of proteoglycans by safranin O/light green staining

IVD punches collected at day 14 of culture were fixed with
4% v|v PFA, processed and embedded in paraffin. Sections of 7 pm
thickness were sequentially recovered and stained for safranin
O/light green (Saf. O/L. Green, 0.1% v/v Saf. O (Sigma)/0.4% v/v L.
Green (Sigma)). Sections were imaged using an Olympus CX31
light microscope equipped with a DP-25 camera (Imaging Software
CeliB, Olympus) using the 20x objective.

2.13. Detection of collagen type Il and aggrecan in the IVD

Col II distribution was analyzed by immunofluorescence (IF)
staining. Agg production and distribution was analyzed by
immunohistochemistry (IHC). For IHC, Novolink™ Polymer Detec-
tion Kit (Leica Biosystems) was used, following the manufacturer’s
instructions. For both, antigen retrieval was performed in paraffin
sections through incubation with 20 pg/mL proteinase K (Sigma-
Aldrich) solution for 15 min at 37 °C. For Col II staining, after a
blocking step, sections were then incubated for 2 h at 37°C with
anti-collagen II-1I6B3 (Developmental Studies Hybridoma Bank)
at a 1:50 dilution. Alexa Fluor 594-labeled goat anti-mouse
(Invitrogen-Molecular Probes, 1:1000) was used as secondary anti-
body. For Agg, sections were incubated overnight with Agg primary
antibody (H-300) sc-25674 (Santa Cruz Biotechnology) to a 1:50
dilution.

All sections were mounted in Fluorshield with DAPI (Sigma).
Control sections for each labeling excluded primary antibody stain-
ing. Representative images of the slides were taken using an
inverted fluorescence microscope (Axiovert 200 M, Zeiss) and the
20x objective, for Col II staining. Col II intensity was quantified
using a custom-made MATLAB (The MathWorks Inc., Natick MA,
USA) script, the IntensityStatisticsMask Software (described in
Supplementary Materials and Methods). Agg stained sections were
imaged with light microscopy, the 20x objective for counting and
the 100x oil objective for detailed imaging.
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2.14. Statistical analysis

Results are presented as Median * Interquartile Range (IQR) in
box and whiskers plots. Data normality was first analyzed by
D’Agostino and Pearson Normality Test. Statistical analysis was
performed with non-parametric Kruskal-Wallis test and Dunns
multiple comparison test as post hoc test in Graph Pad v6.02 for
Windows. A confidence level of at least 95% (*p < 0.05) was used.

3. Results

3.1. Viability of IVD organ culture model upon Ch/Df/y-PGA
nanoparticles injection

In the present study, we investigated the ability of Df-NPs to
revert IL-1B-induced pro-inflammatory stimulus, using an IVD
organ culture model previously established [32]. The model closely
mimics the IVD inflammatory/degenerative process in vivo, for
which IL-1B is known to be one of the key mediators [5]. Df-NPs,
previously optimized by our group, were able to decrease PGE,,
IL-6 and partially TNF-o production in LPS-activated macrophages
[17], thus suggesting that they might be potentially used in other
inflammatory scenarios, as in degenerated IVD.

To produce Df-NPs, Df was incorporated in Ch/y-PGA NPs at a
molar ratio of 2.0:0.35:1.5 (Ch:Df:y-PGA) at pH 5.0, as previously
reported [17]. Particle size and PdI of obtained NPs and Df-NPs
are summarized in Table 1. The molar ratio, polymer concentration
and pH of interaction were first optimized in order to obtain a low
poly-disperse solution with nano-size particles of Ch and y-PGA
[33]. Df concentration and its order of addition to those particles
were then optimized to guarantee the maximum amount of drug
incorporated in the NPs with nano-size and the lowest PdI [17].

The concentration of Df in the NPs was confirmed as previously
described, by UV/Vis absorbance (275 nm) of NPs supernatant
obtained after NPs centrifugation: about 75% of the initial amount
of Df (0.06 mg/mL) was incorporated in Ch/y-PGA NPs, 1 h after
preparation, i.e. Df concentration estimated in the NPs is about

Table 1
Particle size and polydispersion index of Ch/y-PGA NPs alone (NPs) and Ch/Df/y-PGA
NPs (Df-NPs).

Particle size (nm) Polydispersion Zeta potential (mV)

index (PdI)
NPs 166 +32 0.24 £ 0.02 20.8+1.6
Df-NPs 17532 0.26 + 0.02 20.5+1.9

0.045 mg/mL. First, IVD cultures were evaluated concerning their
mitochondrial metabolic activity and DNA content, after IL-1B
stimulation and treatment with NPs or Df-NPs, to discard possible
cytotoxic effects (Fig. 2A and B). Results of the ratio between meta-
bolic activity of disc punches in different conditions and controls
showed that IL-1B stimulation slightly increased IVD metabolic
activity, which was posteriorly significantly reduced when NPs
were injected. In addition, DNA content of IL-1p-treated IVD
punches increased significantly, when compared to control discs
(1.5+0.5-fold increase, p<0.05). NPs and Df-NPs-treated IVD
punches presented similar DNA content to the control (ratios of
0.9+0.4 and 1.0 £ 0.5-fold for NPs-treated/control IVD punches
and Df-NPs-treated/control IVD punches in comparison, respec-
tively). Regarding the pH alteration of the cell culture medium
upon injection of acidic solutions (NPs and Df-NPs), which might
create a toxic or inhibitory environment for the cells, no significant
alterations were detected, indicating that the injection of NPs or
Df-NPs at pH 5.0 did not significantly acidify the cell culture med-
ium (Fig. 2C).

3.2. Evaluation of Ch/Df/y-PGA nanoparticles internalization in IVD
organ culture

Imaging of Df-NPs in IVD was performed in inner slices of tis-
sue, as schematically described in Fig. 3A. The fate of Df-NPs in
IVD organ culture was evaluated 3 h after Df-NPs injection, in the
tissue, by CLSM imaging (Fig. 3B). Df-ftNPs were prepared by pre-
viously labeling Ch with FITC, as described by Gongalves et al. [17].
A broad distribution of NPs within the IVD tissue and partial NPs
internalization by IVD cells was observed in randomly selected
IVD regions (n =17 stacks from 3 discs) (Fig. 3B, images a and b).
Orthogonal projections in XZ and YZ were performed to evaluate
NPs internalization in IVD cells. In those images, we observed that
some of Df-ftNPs aggregates were located outside the Phalloidin-
stained cell membrane (Fig. 3C, image a, white arrow points Df-
ftNPs aggregates), while other Df-ftNPs aggregates were effectively
inside the cell (as in Fig. 3C, image b, white arrow points Df-ftNPs
aggregates). Therefore, Df-ftNPs internalization was assessed in a
high-throughput manner using imaging flow cytometry. First it
was determined a viable cell population positive for FITC signal
(as shown in Fig. 3D for one donor). By applying a cell mask
(Fig. 3E, in blue) and a cytoplasm mask (Fig. 3F, in blue) in the FITC
positive cell population, it was possible to determine the internal-
ization ratio between FITC fluorescence intensity inside the cell
cytoplasm and FITC fluorescence intensity of the whole cell. This
result is depicted for one representative donor in Fig. 3G. Overall,
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Fig. 2. Viability of the organ culture model, 2 days after pro-inflammatory stimulus with puncture plus IL-1p supplementation (IL-1p), and treatment with injection of Ch/y-
PGA NPs (NPs) or Df/Ch/y-PGA NPs (Df-NPs). (A) Mitochondrial metabolic activity and (B) DNA content of disc punches. Results were compared with unstimulated IVD organ
cultures (control = 1; dashed line). (C) pH of organ culture supernatants for the different conditions. Results are shown as box and whiskers plots (n = 4). *p < 0.05.
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and DAPI stains nuclei in blue. (D) Representative dot plot profile for the Df-ftNPs internalization analysis. Internalization was assessed by FITC fluorescence in Channel 2
(Ch02). (E) Cell mask (in blue). (F) Cytoplasm mask (in blue). (G) Representative internalization score histogram, after application of an internalization mask in the population
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this article.)
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about 92 + 1% of viable cells presented higher FITC fluorescence in
the cytoplasm (Fig. 3H), represented by a positive value of the
internalization score, thus being Df-ftNPs internalization® cells.
On the other hand, 6 + 1% of viable cells presented higher fluores-
cence intensity in the cell membrane (Fig. 31), represented by a
negative value of the internalization score, meaning that in these
cells Df-NPs were mostly not internalized (Df-ftNPs membrane*
cells).

3.3. Anti-inflammatory potential of Ch/Df/y-PGA nanoparticles
injection in pro-inflammatory/degenerative IVD organ culture model
and evaluation of ECM remodeling

In the IVD organ culture model previously established, the up-
regulation of the inflammatory markers IL-6, IL-8 and PGE; obtained
in pro-inflammatory conditions was reverted by intradiscal injec-
tion of Df [32]. Therefore, the efficacy of Df-NPs was first evaluated
by assessing the expression of IL-6 and IL-8 by IVD cells, and by
quantification of PGE, in culture medium, 2 days after treatment.
MMPs and main ECM proteins of the pro-inflammatory/
degenerated IVD ex vivo model were also analyzed 2 days post-
treatment with Df-NPs. The results are presented as the Media-
n * IQR fold change to unstimulated IVD punches (Fig. 4).

In the present work, the injection of Df-NPs was able to
significantly decrease PGE, (s*, p<0.01) and down-regulate
IL-6 (%, p<0.05) when compared to IL-1B-stimulated group
(Fig. 4A and B). Df-NPs also seemed to decrease IL-8 of IL-1B
group (from 19 + 25-fold to 4 + 7-fold). These values correspond
to a reduction of about 73%, 61% and 78% for IL-6, PGE, and
IL-8, in relation to IL-1B-stimulated discs. In parallel, control
injections with NPs (without anti-inflammatory drug) were also
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performed. The injection of NPs by itself also reduced IL-8 expres-
sion and PGE;, production, although no significant differences
were observed (reduction to 12 + 16-fold and 4 + 2-fold for IL-8
and PGE,, respectively), representing approximately a reduction
of 35% and 61% when compared to IL-1B group.

Df intradiscal injection was previously shown to down-regulate
MMP1 and up-regulate Agg gene expression levels, but no signifi-
cant effects in MMP3 and Col II levels were observed [32]. In this
study, Df-NPs were able to significantly down-regulate both
MMP1 and MMP3 gene expression (xx, p < 0.01, Fig. 4C). In addition,
NPs alone significantly decreased MMP3 (*, p <0.05) and slightly
down-regulated MMP1 (from 5 * 4-fold, for IL-1B group, to 2 +4-
fold). These results represent a down-regulation of approximately
63% and 40% for MMP1 and MMP3 genes, respectively. Concerning
ECM proteins (Fig. 4D), Col II and Agg were significantly up-
regulated upon Df-NPs treatment (x, p < 0.05 and =, p <0.01, for
Col Il and Agg, respectively) in IL-1p-treated IVD punches. Interest-
ingly, NPs group by itself also up-regulated Agg expression
(**, p<0.01) and increased Col II (from 0.1 + 0.2 of IL-1B-IVDs to
0.2 £ 0.4 of NPs-IVDs). These results represent an increase of about
45% and 85% for Col Il and Agg gene expression, in relation to IL-18.

3.4. Evaluation at protein level of ECM remodeling in longer-term pro-
inflammatory IVD organ culture upon treatment with Ch/Df/y-PGA
NPs

To confirm the effects of these different treatments at protein
level, the IVD organ cultures were maintained for 14 days, after
which Col II and Agg deposition were analyzed by histology/IHC.
A group injected with soluble Df (19 pm) was added, since previ-
ous results only showed the effect of soluble Df at gene expression
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Fig. 4. Effect of different injectable treatments in the inflammatory response and in the ECM remodeling of IVD organ culture pro-inflammatory/degenerative model, 2 days
after injection. Quantitative analysis of pro-inflammatory markers of IVD organ cultures stimulated with puncture and IL-1B supplementation (IL-1B), and treated with
injection of NPs or Df-NPs. (A) PGE, fold change in culture supernatants. (B) mRNA expression of IL-6, IL-8, (C) matrix degrading enzymes MMP1 and MMP3, and (D) ECM
components Col II and Agg. mRNA levels were normalized to GAPDH control gene and to the unstimulated discs (control level = 1; dashed line). Results are presented as box

and whiskers plots (n =6-19). *p < 0.05; **p < 0.01; **p < 0.001.
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Fig. 5. Effect of different injectable treatments in the ECM of IVD pro-inflammatory/degenerative organ culture model, at the protein level. (A) Sagittal sections of disc
punches stained for proteoglycans (a-e; scale bar, 100 pm), Col II (f-j; scale bar, 200 pm), Agg (k-o; scale bar, 100 um) and higher magnification of Agg negative (p, Agg~, A)
and positive (q, Agg", +) cells (scale bars, 10 pm). Samples were collected after a 14-days culture. One representative experiment of 3-4 different donors is presented here. (B)
Biochemical analysis of SGAG content of IVD punches, at day 8 of organ culture, normalized to control (n =4 donors). (C) Col II fluorescence intensity normalized to control
(dashed line; n = 65-98 from 4 donors), at day 14 of culture. (D) Fold change in % of Agg* cells normalized to control group (n =4 donors), at day 14 of culture. Results are
shown as box and whiskers plots (B-D). *p < 0.05; ***p < 0.0001.

level [32]. Fig. 5A (images a-e) shows Saf. O/L. Green-stained sec- respective lacunae perfectly contained within the matrix, while in
tions of IVD nucleus pulposus for all conditions tested. The control the remaining conditions a higher disorganization in the fibers
group seemed to exhibit a more compact matrix, with cells and the arrangement was observed, namely in IL-1B condition (Fig. 5A,
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image b, arrow). Quantification of disc punches (nucleus pulposus
containing few surrounding annulus) sGAG content was performed
at day 8 of culture. IL-18 and Df presented a lower concentration
of sGAG in tissue, when compared to the control, as shown in
Fig. 5B. On the other hand, NPs-treated group presented a signifi-
cantly higher sGAG content relatively to IL-1B-stimulated group
(%, p<0.05).

Col Il and Agg deposition were assessed by IHC. Fig. 5A (images
f-j) shows images of Col II staining of all the conditions tested.
There were collected 65-98 images from randomly selected areas
of each section and samples were collected from 4 different donors.
Col II fluorescence intensity was quantified in the IntensityStatis-
ticsMask Software and is depicted as fold change to unstimulated
IVD punches in Fig. 5C. The results obtained display significantly
higher Col II deposition in Df-NPs group, in comparison with the
IL-1B-stimulated samples (s, p < 0.0001). This was not observed
in NPs and in Df groups.

In Fig. 5A (images k-0) it is also shown Agg deposition (brown)
for the different conditions analyzed (images p and q portray in
higher magnification cells negative (Agg~, A) and positive (Agg", +)
for Agg production). Since Agg deposition was located only around
the cells, the numbers of Agg® and Agg~ cells were quantified
(Fig. 5D). In Fig. 5D it is depicted the fold change of the % of Agg”
cells (normalized to control group), for 4 different donors. The
results obtained show that IVD treatments with NPs and Df-NPs
significantly increased the percentage of Agg® cells, compared
to IL-1B-stimulated discs, when normalized to control group
(%, p<0.05).

4. Discussion

This study hypothesizes that local control of inflammation in
degenerated IVD could improve ECM remodeling, which would
improve LBP symptoms, constituting a more effective intradiscal
therapy. Pro-inflammatory cytokines, TNF-a and IL-1p, are known
to induce the expression of genes encoding MMPs, and also induce
nucleus pulposus cells to secrete innervation and angiogenic
growth factors when the balance between human IVD anabolism
and catabolism is disrupted. MMPs degrade both collagen and pro-
teoglycans, leading to tissue dehydration and progressive ECM dis-
organization. With increasing time, Col Il in the nucleus pulposus is
replaced by Col I, and the anatomical border between nucleus pul-
posus and annulus fibrosus becomes less defined, with the nucleus
becoming more fibrotic [37].

For that, a pro-inflammatory/degenerative organ culture model,
with 0.46 MPa static loading, tissue needle punctured and stimu-
lated with IL-1B (100 ng/mL) was used upon previous validation
[32]. This model mimics human IVD degeneration, in which pro-
inflammatory cytokines TNF-a and IL-1B are key mediators
[5,38]. In this model, an up-regulation of pro-inflammatory mark-
ers (IL-6, IL-8, MMP1 and MMP3), as well as a down-regulation of
ECM proteins (Col Il and Agg) was observed [32], in accordance to
findings reported during human disc degeneration [5,38].

Although organ cultures as this model are accepted as more
reliable models than 2D in vitro cultures, constituting an important
step before animal experimentation, they have some limitations.
One of these includes time in culture to guarantee tissue viability
(usually up to 1 week) [39-41]. Here, tissue viability maintenance
was monitored by mitochondrial metabolic activity and DNA con-
tent. Other studies had already reported high cell viability in IVD
organ cultures in pro-inflammatory conditions after 7 [32] and
14 days [42]. Nonetheless, needle insertion can cause cell damage
[40], as well as an increase in cell apoptosis after IL-1p treatment
[43]. Also, cell viability upon intradiscal injection in acidic condi-
tions (with NPs) was not significantly affected. Another limitation

of the organ culture model is the lack of vascularization/innerva-
tion (and immune cells) in the disc surroundings. Nevertheless,
in this case the lack of complexity constitutes an important advan-
tage when analyzing the direct effect of an intradiscal therapy on
IVD cells, without the complex cell crosstalk that we find in vivo.

As previously discussed, intradiscal steroid therapy has been
adopted by patients with symptomatic disc degeneration and
low back pain, unwilling to accept surgical procedures [10,44].
However, placebo-controlled studies about intradiscal steroid
injections for discogenic pain have reported either no clinical
improvement compared to placebo [11] or short-term improve-
ment [10]. Furthermore, their influence on deregulation of matrix
turnover promotes disc degeneration [8]. Also, an increase in the
frequency and dosage of intradiscal steroid injections may further
accelerate it through puncture injury [44].

Df reduced nucleus pulposus-induced nerve root dysfunction
after 7 days of treatment [15]. In the pro-inflammatory/
degenerated IVD ex vivo model previously established by us, Df
injection down-regulated IL-6, IL-8 and decreased PGE; production,
and also seemed to have an effect in IVD ECM remodeling by
down-regulating MMP1, while up-regulating Agg expression [32].

Nonetheless, Df intraperitoneal injection in a rat lumbar disc
herniation model showed a reduced analgesic effect with time
[45]. Therefore, Df direct injection into the [IVD may have a limited
long-term clinical use as it has a short biologic half-life and may
require repeated administrations [32].

In this study, we hypothesize that a Df delivery system based on
Ch/y-PGA NPs could extend Df action, controlling inflammation
while contributing to ECM remodeling in degenerated IVD. There-
fore, Df-NPs were tested as an anti-inflammatory therapy for
degenerated IVD.

Small-scale particles are emerging as delivery systems for IVD
regeneration. NPs size enables them to pass through biological bar-
riers, having the possibility to be internalized into target cells [46].
Moreover, NPs can be easily combined with hydrogels for cell
delivery or nucleus pulposus regeneration, increasing the function-
ality of biomaterials for IVD [47,48]. Examples of NPs are fullerol
NPs (approximately 25-50 nm size) that decreased IVD degenera-
tion in human cells and rabbits [49]. NPs are low viscous vehicle,
thus easy to inject into the IVD. Moreover, Ch/y-PGA NPs were
recently shown to promote Col II production in nucleotomized
IVD model [50]. Df-NPs are a monodisperse population of NPs that
release Df within 2 h in physiological pH (maximum of 80%)
[17,33]. In this study, Df-NPs were injected in IVD organ cultures
3 h after the pro-inflammatory stimulus. This time point was
selected based in previous work using LPS-activated macrophages,
after which PGE,, the Df target, started to be released to the culture
medium [17]. NPs internalization by IVD cells was verified, show-
ing that about 65 + 6% of tissue total cells contained NPs, corrobo-
rating the phagocytic activity of nucleus pulposus cells previously
suggested [50,51]. The mechanism of intracellular trafficking of
these NPs was not specifically addressed, but others have already
investigated the intracellular fate of Ch/y-PGA NPs. Peng et al.
showed that Ch/DNA/y-PGA NPs can be internalized by specific
trypsin-cleavable proteins [52], and by a lipid raft-mediated route,
and via macropinocytosis, in a minor extent [29]. Moreover, these
authors have shown that when y-PGA is present in Ch/DNA NPs,
less percentage of NPs co-localization with lysosomes, is observed,
suggesting that y-PGA can escape this defense mechanism [29].

Df-NPs decreased IL-6, IL-8 and PGE, production, indicating that
Df released from the NPs maintained its ability to inhibit COX-2
pathway, as expected [15], and similarly to what was observed
with Df injection [32]. NPs, with and without Df, were shown to
affect macrophage functional behavior in vitro, by stimulating the
production of IL-6, IL-10, TNF-o but not IL-12/23, while PGE, was
only stimulated by NPs without Df [17]. Weather Df-NPs influence
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macrophage behavior in degenerated IVD will be addressed in the
future.

The promising results of Df-NPs regarding the reduction of pro-
inflammatory markers in the ex vivo model do not exclude the
need to perform more studies in order to conclude about the feasi-
bility of this therapy, namely testing in vivo different times and
dosages of NPs administration before moving to pre-clinical
research. Although this model aims to mimic some typical features
of human IVD degeneration by up-regulating pro-inflammatory
mediators, MMPs and down-regulating ECM proteins [32], it can-
not fully simulate the native process of chronic IVD degeneration,
as naturally occurring in humans and in other species as chon-
drodystrophic dogs [53] or the sand rat [54|. Nevertheless, these
models also have some drawbacks: first, the rat/dog IVD contains
notochordal cells, which do not occur in human adults or bovine
IVD; second, the long waiting time to observe spontaneous IVD
degeneration; and third, the lack of control of this process, which
discourages the use of these models [53,54].

Concerning ECM remodeling, previous studies have demon-
strated that Df injection was able to decrease MMP1 and increase
Agg expression [32]. Interestingly, NPs by itself down-regulated
MMP3 (but not MMP1) expression, while Df-NPs down-regulated
the expression of both MMP1 and MMP3 compared to IL-1B-
stimulated discs. In the case of ECM proteins, NPs alone signifi-
cantly upregulate Agg expression, while Df-NPs significantly
increase both Col II and Agg gene expression levels. This result
was confirmed at the protein level.

These results support previous evidences from our group,
demonstrating that y-PGA promotes chondrogenesis of MSCs
in vitro, enhancing Col II, Agg and Sox-9 early expression [55]. This
effect was partially observed in IVD organ cultures [50]. In addi-
tion, y-PGA injections have already been patented for treating joint
pain [56]. Nevertheless, Ch/y-PGA NPs mechanism behind chon-
drogenesis/cartilage formation remains to be explored. The con-
centration of y-PGA used in this study was in accordance with
previous work from our group [17,22,30,31,33,50]. Nevertheless,
in the literature several studies have been used y-PGA to elicit
immune response: about 2.7 mg/mL of y-PGA with different Mw
(from 10 to 2000 kDa) were orally administered inducing signifi-
cant NK-cell-mediated anti-tumor immunity in mice [57]. Other
study administered 5 mg/mL of y-PGA in mice, inducing antiviral
activity and protective immune responses against HINI1
influenza-A virus infection [58]. Another frequent use of y-PGA is
as adjuvant in cancer treatment, by combination with chemother-
apeutic agents. y-PGA NPs were shown to activate dendritic cells
usually in high concentrations (10 mg/mL) [59,60]. To the best of
our knowledge, the concentrations administered are slightly
higher than ours.

Previous studies demonstrate that Ch/y-PGA NPs are able to
infiltrate cell-cell junctions [61,62] and that internalization of Ch/
v-PGA NPs might occur mainly via non-specific charge-mediated
interaction (NPs positive charge vs negative charged cell mem-
brane) [52]. Further studies found that Ch/DNA/y-PGA internaliza-
tion take place via macropinocytosis and caveolae-mediated
pathway, with the latter playing a major role [29]. On the other
hand, y-PGA-coated complexes can be internalized via a specific
v-glutamyltransferase (GGT)-mediated pathway [28,63]. The
results obtained in this study suggest the involvement of MMP3,
but not MMP1, in the IVD ECM remodeling mediated by Ch/y-
PGA complexes. Moreover, the synergy between Df and Ch/y-PGA
NPs suggests that control of inflammation in degenerated IVD is
essential for Col II, but not for Agg production. In fact, this observa-
tion was reported in other models described in the literature
[20,64]. PGE, (10 pg/mL)-stimulated osteoarthritic cartilage-
explant cultures cleavage of Col II was downregulated, while no
effect was observed in Agg production [64]; in MSCs/nucleus pul-

posus cells co-cultures, inhibition of TGF-B1 profoundly con-
strained Col II production, while Agg synthesis was only slightly
inhibited, suggesting a crucial role of TGF-B in Col II production
in the nucleus pulposus [20]. Nevertheless, to our knowledge this
relation is not straightforward, since other authors have suggested
that Agg production is also dependent on inflammation control and
that TGF-B1 may be also involved. Treatment of (TNF-o + IL-1B)-
stimulated annulus fibrosus cells with TGF-p1 and BMP-2 showed
a synergic action of both proteins in recovering degenerated IVD
ECM: a high increase in Agg gene expression was observed after
TGF-p1-treatment, while a high increase in Col II was observed
with BMP-2 treatment. Overall, when treated with TGF-B1
+BMP-2, an increase in both Agg and Col Il was observed [65].
Nevertheless, future studies will be necessary to highlight the
molecular mechanisms behind Ch/Df/y-PGA NPs-driving effect in
degenerated IVD and confirm the hypothesis of a MMP3-
mediated stimulation of ECM production in the disc.
5. Conclusions
Intradiscal injection of Ch/Df/y-PGA NPs reduced pro-
inflammatory mediators (IL-6, IL-8 and PGE;) in a pro-
inflammatory/degenerative IVD organ culture model. This
anti-inflammatory delivery system also down-regulated the
expression of both MMPs 1 and 3, while up-regulated Col II and
Agg production. Overall, this study suggests that Ch/Df/y-PGA
NPs injection is a promisor intradiscal therapy for degenerated
IVD repair/regeneration. This work provides a solid base for testing
intradiscal injection of Ch/Df/y-PGA NPs in vivo in an animal
model. Although Df has a limited long-term clinical use, as it has
a short biologic half-life, we hope to decrease Df administration
rates with this strategy and contribute to sustain the native
ECM production in patients with discogenic pain. Moreover, the
versatility of Ch/y-PGA NPs allows its combination with other
therapies.
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