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Abstract

The degeneration of intervertebral disc (IVD) is a disease of the entire joint between two vertebrae
in the spine caused by loss of extracellular matrix (ECM) integrity, to date with no cure. The various
regenerative approaches proposed so far have led to very limited successes. An emerging
opportunity arises from the use of decellularized ECM as a scaffolding material that, directly or in
combination with other materials, has greatly facilitated the advancement of tissue engineering.
Here we focused on the decellularized matrix obtained from human umbilical cord Wharton’s jelly
(DWIJ) which retains several structural and bioactive molecules very similar to those of the IVD
extracellular matrix. However, being a viscous gel, DWJ has limited ability to retain ordered structural
features when considered as architecture scaffold. To overcome this limitation, we produced DWI-
based multifunctional hydrogels, in form of 3D millicylinders containing different percentage of
alginate, a seaweed-derived polysaccharide, and gelatin, denatured collagen, which may impart
mechanical integrity to the biologically active DWJ. The developed protocol, based on a freezing
step, leads to the consolidation of the entire polymeric dispersion mixture, followed by an ionic
gelation step and a freeze-drying process. Finally, a porous, stable, easily storable and suitable matrix
for ex-vivo experiments was obtained. The properties of the millicylinders (WJMs) were then tested
in culture of degenerated IVD cells isolated from disc tissues of patients undergoing surgical
discectomy. We found that WIMs with the highest percentage of DWJ were effective in supporting
cell migration, restoration of the IVD phenotype (increased expression of Collagen type 2, aggrecan,
Sox9 and FOXO03a), anti- inflammatory action, and stem cell activity of resident
progenitor/notochordal cells (increased number of CD24 positive cells). We are confident that the
DWI-based formulations proposed here can provide adequate stimuli to the cells present in the

degenerated IVD to restart the anabolic machinery.
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1. INTRODUCTION

The intervertebral disc (IVD) is the principal joint between two vertebrae in the spine. Not
infrequently, its fibrocartilaginous structure can undergo degeneration due to various factors
including bad lifestyles, aging, trauma, mechanical stress or genetic factors [1-2]. In many cases this
causes severe spinal disorders that can significantly affect the individual's quality of life, leading to
different forms of disability and a socioeconomic burden [3]. It goes without saying that the IVD
degeneration (IDD), is a very complex phenomenon and to date there are many open questions.
Specifically, two main aspects are actively debated, the first concerns the lack of adequate preclinical
experimental models [4], the second the difficulty of developing satisfactory tissue engineering
approaches due to the “harsh” environment that characterizes the degenerated VD tissue [5-6]. It
is therefore realistic to state that the various regenerative approaches prosed so far have led to very
limited successes.

Numerous scientists investigating the degenerative mechanisms, agree in attributing the loss of
integrity of the extracellular matrix (ECM) as a main cause of the onset of IDD [7]. The degeneration
occurs when VD cells lose their function, senescent cell clusters are formed and an inflammation
process is firstly triggered and later maintained, impairing self-repair mechanisms; finally, the
inflammatory process causes a strong anabolism/catabolism imbalance [8]. Strategies aimed to
restore key signalling factors in the cellular dialogue or to give an adequate stimulus to the resident
cells to restart the anabolic machinery, appear, therefore very promising [9-10].

In the current framework, the idea, at the base of the current article, is to make an attempt to
ameliorate the functionality of the IVD cells embedded in a degenerated disc environment, by
exploiting the properties of a specific ECM with high potential in regenerative medicine, namely the
decellularized matrix obtained from the umbilical cord Wharton'’s jelly (DWJ) [11,12]. It is indeed
well known that DWJ possesses several properties well suitable for tissue repair/engineering
approaches, including biomechanical, immunomodulatory, antibacterial and biocompatibility
features [13].

The human Wharton’s jelly, in the last few years, has indeed received an increasing attention due to
its potential for regenerative medicine applications as “natural constituent” to produce biomimetic
scaffolds [14]. Interestingly, the Wharton’s jelly mucoid connective tissue has a composition very
similar to that of IVD extracellular matrix [15,16]. Notably, Wharton’s Jelly is rich in matrix

components such as hyaluronic acid, various types of collagens and sulphated glycosaminoglycans;



in addition, growth factors (FGF, IGFBP 1, 2, 3, 4 and 6) are present, together with TGF-a, GH and
PDGF-AA. Immunomodulatory cytokines (RANTES, IL-6R, and IL-16), pro-inflammatory cytokines
(MCSFR, MIP-1a), anti-inflammatory cytokines (TNF-RI, TNF-RII, and IL-1RA), homeostatic cytokines
(TIMP-1 and TIMP-2), cytokines associated with wound healing and regenerative properties (ICAM-
1, G-CSF, GDF-15, MCP-1, GDNF), and extracellular vesicles, are also present [17-21].

In consideration of the exceptionally rich and favourable composition, Wharton'’s Jelly, could be
employed to produce several bioinspired scaffolds, characterized by the preservation of both the
architecture and the biological components useful also to support the reparative processes in the
IVD tissue [15,16].

In this respect, we had previously demonstrated that human degenerated IVD cells are able to
restore at molecular level their normal phenotype when combined with DWJ [15]. This suggests
that, if the decellularization process is well designed and controlled, the obtained ECM retains the
architecture of the natural cell environment, together with the complex biomolecular and physical
cues, giving support to the cell viability and functions.

Despite the enormous potential of decellularized ECMs, proved by many biological characterizations
on which numerous evidence agree, questions remain open regarding the fabrication and usability
of decellularized ECM-based scaffolds [21-24]. A biomaterial-based device needs in fact to possess
several requirements to be clinically suitable. Just to mention a few, it requires to be safe, usable,
mechanically sound and biologically tuned for the specific injection/implantation site [25].

To address this issue, it is therefore necessary to design and produce scaffolds with a tailored
architecture and mechanical properties closer to that of IVD, without losing the ability to support
cell proliferation, differentiation, synthesis and remodelling of the ECM and to restore the healthy
microenvironment of the IVD [26,27].

In this respect, the present study, describes the preparation and characterization of DWJ based
multifunctional hydrogels, in form of 3D millicylinders (afterwards named and mentioned as
Wharton’s Jelly millicylinders, abbreviated to WJMs), composed of a mixture of alginate, gelatine
and DWI. Different aspects were considered, including, the setup of the decellularization protocol,
the usability and conservation of the devices, and finally the ex-vivo biological evaluation using

human IVD cells in different culture conditions.



2. Materials and Methods

2.1. IVD cells isolation

Human samples were collected after written informed consent provided by the participants and
approval of the Ethics Committee of the University of Ferrara and S. Anna Hospital (protocol no.
160998). Specifically, IVD cells were isolated from human lumbar disc tissues of patients (n=15)
undergoing surgical discectomy (see table 1). The mean age of the donors was 58 years (range, 26-
81 years, 11 males and 4 females, Pfirrmann grade 2-5). Nucleus pulposus tissue from each sample
was macroscopically dissected from the annulus fibrosus and was subjected to enzymatic digestion
using 1 mg/ml type IV collagenase (Merck KGaA, MA, USA) for 5 h at 37°C in DMEM High Glucose
/Ham’s F12 (Euroclone S.p.A., Milan, Italy). The digested cell suspension was filtered through a
Falcon™ 70 um Nylon Cell strainer (BD Biosciences, NJ, USA). Subsequently, the cells were
centrifuged at 300 x g for 10 min at room temperature, the supernatant was discarded, the cells (P0)
were resuspended in medium [DMEM/F12 containing 10 % foetal calf serum (FCS; Euroclone S.p.A.),
100 mg/ml streptomycin, 100 U/ml penicillin and 1% Glutamine, Euroclone S.p.A.] and seeded in
polystyrene culture plates (Sarstedt, Nimbrecht, Germany) at a density of 10000 cells/cm?. PO cells
were expanded by growing for a period not exceeding a week until subconfluent, detaching by
trypsinization, and maintained in culture for more than two passages to obtain IVD cells that were
used for later experiments. As already demonstrated after monolayer culture expansion, cells
isolated from human lumbar IVD become de-differentiated, lose their chondrogenic-like phenotype

resembling the degeneration process [28] and subcultured up to passage 3.

2.2. Wharton's jelly decellularization

Human umbilical cords (all from natural deliveries) were collected after mothers' understanding and
written informed consent and approval of the Ethics Committee of the University of Ferrara and S.
Anna Hospital (protocol no. 061199/A0UFe). Cords were processed within 4 h, rinsed several times
with sterile phosphate-buffered saline (PBS 1X, Euroclone S.p.A. ) and cut into pieces (3 cm in length).
The obtained sections were then dissected, after a longitudinal cut, to remove the epithelium and
to expose the underlying Wharton's jelly. The soft gel tissue was finely chopped in pieces to about 1
mm3. The obtained pieces were treated by agitation immersion, with a detergent-enzymatic
treatment (DET) [29]. Briefly, samples were washed 2 times in PBS 1X, thereafter subjected to three

DET cycles, each of them composed of the following steps. Immersion is deionized water at 4 °C for



24 h, immersion in a 4 % sodium deoxycholate (Merck KGaA) aqueous solution at room temperature
for 4 h and finally, immersion in a 2000 kU DNase-I (Merck KGaA) dispersion in 1 M NaCl at RT for 3
h. Thereafter the treated samples were mechanically homogenized after dispersion in 0.1% sodium
deoxycholate (Merck KGaA) at room temperature (RT). A high-speed mechanical homogenizer (T25
Ultra-Turrax, IKA-Werke GmbH & Co, Staufen, Germany), with a 7.5 mm diameter working head at
the speed of 10000 rpm was employed, setting 4 cycles of homogenization of 1 m each, pausing for
30 seconds between each pulse. A final pulse of 5 minutes was carried out. The obtained

homogenized samples were stored at 4°C.

2.3. Production of multifunctional millicylinders (WJMs)

The alginate and gelatin dispersions in water were prepared as follows. The biopolymer dispersions
were obtained dispersing the sodium alginate powder (IE-1105/500) (Inotech Biosystems Int, MD,
USA) or the gelatin powder (PS 150 7 30, type A; Sanofi, Paris, France) in water, under gentle stirring
with a mechanical stirrer equipped with a stainless steel three blade impeller (200 rpm), for 2 h, at
40°C. In order to eliminate any large particle, the biopolymer dispersions, immediately after
preparation, have been purified by filtration. Filtration was carried out with membrane filters with
decreasing porosity, from 5.0 up to 0.22 um (Durapore membrane filters, Merck KGaA). Before the
final use, three dispersions so far obtained were stored in a refrigerator at + 4 °C. For the final
preparation of millicylinders, a further filtration with a syringe equipped with a 0.22 um membrane
disc filter, was performed under sterile laminar flow hood. The gelling solutions for alginate were
constituted with barium chloride (BaCl;) (Merck KGaA) in water at 1.5% (w/v). All the solutions were
prepared by dissolving the crystalline powder, weighed on an analytical balance, in ultrapure water
and stored at 4 °C. To produce the scaffolds used in in vitro and ex vivo conditions, the solutions were
filtered with a syringe equipped with a 0.22 um membrane disc filter under sterile conditions.

The millicylinders were prepared with different composition in term of alginate, gelatin and DWJ
content (see samples composition and identification codes in Table 2). Irrespectively of their
composition, the millicylinders were produced by mixing the appropriate amount of the dispersions
pre-warmed at 37°C.

Millicylinder samples made by alginate/gelatin/WJ concentration were prepared pouring 100 pl of
the mixture of biopolymers in empty a cylindrical PDMS master and allowed to gel for 2 h at -20°C
Therefore, the 3x4 mm (height/diameter) millicylinders were gently peeled from the silicon master.

The ionic gelation of the alginate portion of the polymeric mixture was accomplished by immersion



of the samples in a BaCl, solution (prepared as previously stated) for 30 m at 5°C. Finally, the ionically

cross-linked millicylinders were freeze dried overnight, after congealing at -20°C.

2.4 Experimental set up

For each set of experiments (Figure 1), WJMs were previously positioned in the upper chamber of
24w Transwell™ (8 um porosity permeable support, Corning, NY, USA) culture system. In the lower
chamber, IVD cells (25x103), or M1 polarized macrophages (1x10°) or IVD biopsies (300 mg) were
cultured in standard condition (1ml/well). Scratch assay was performed on IVD cells cultured in WIM
conditioned medium which was obtained from WJMs kept alone for 72 hours in DMEM High
Glucose/F12 without FCS.

2.5. Cell viability and proliferation

The viability of IVD cells cultured in the presence of WJM was determined by a live/dead cell imaging
protocol, as previously described [21]. After staining with propidium iodide and Calcein-AM, cells
were imaged by a fluorescence microscope (Nikon, Optiphot-2, Nikon corporation, Japan) using the
specific filter blocks. Dead cells were stained in red, whereas viable ones in green. Conversely, the
proliferation rate of IVD cells cultured in the presence of WJMs was determined by the AlamarBlue™
assay (cat.no. DAL 1025, Thermo Fisher Scientific, MA, USA). Briefly, cells were cultured in the
presence or absence of WIM up to 15 days. After different length of time, the ready-to-use resazurin-
based solution was added to the cells. After 4 h of incubation, 200 uL of the cell medium was
transferred to a 96-well plate, and then the visible light absorbance was determined, by a microplate
absorbance reader (SunriseTM, Tecan, Switzerland), at 570 nm (resorufin reduced form) and 620 nm
(resazurin oxidized form). Plotted values correspond to the difference in absorbance between the

reduced and oxidized forms of AlamarBlue™.

2.6. Phalloidin staining

After 3 days of cell culturing, IVD cells were fixed with a 4% paraformaldehyde solution,
permeabilized with 0.1% Triton X-100 solution ((Merck KGaA) and then incubated in the presence
AlexaFluor 488-Phalloidin (1:500 dilution, cat. no. A12379; Thermo Fisher Scientific). Cells were then
counterstained with DAPI (1:1000 dilution, cat. no. D9542, Merck KGaA). Fluorescence images were

captured by a Zeiss LSM800 Confocal microscope (Carl Zeiss Meditec AG, Oberkochen, Germany).



2.7. Scratch assay

The scratch assay was performed as follows. IVD cells were seeded into 24-well plates and incubated
with complete medium at 37°Cin 5% CO; atmosphere. After 24 h of culturing, the formed monolayer
a linear scrape was formed by a sterile sharp tip (500 um in diameter). After debris removal by PBS
washing, the cells were cultured in the presence of WIJM conditioned medium (without FCS). Cells
cultured in DMEM High glucose/F12 represented the control. After culturing the IVD cells for
different length of time (up to 72 h), the scratches were imaged under an inverted microscope (Nikon
Corporation, Tokyo, Japan). To determine the migration, cell images were analysed using “ImageJ”
software, determining the closed area with respect to initial scratch size at time 0. An increase of
the wound closure area (calculated as follows) indicates the migration of cells; wound closure (%) =

(measurement at time 0 - measurement at time 72 h)/measurement at time 0 x 100.

2.8. Monocytes isolation and M1 polarization

Monocytes were isolated from human peripheral blood (PB) of healthy volunteers (n=4) after
informed consent by using sequential density gradient centrifugations over Ficoll (Merck KGaA)
solution. The monocytes were cultured in RPMI 1640 medium with 10% FCS (Euroclone S.p.A.) and
25 ng/ml of human MCSF (cat.no. 300-25, PeproTech, London, UK) to differentiate them into
macrophages. After 5 days, the M1 polarization (CTR, control cells) was begun by changing to fresh
medium supplemented with 100ng/ml IFNy (cat.no. 300-02, Peprotech) and 100ng/ml
lipopolysaccharide (LPS, cat.no. L6529, Merck KGaA). Macrophages were also exposed to WJMs
placed above a 24w Transwell ™, 8 um porosity, up to 72 h. Phenotypic analysis of M1 polarization
was performed by flow cytometry. Cells were incubated with either PE conjugated anti-human CD80
(clone REA661, Miltenyi biotec, Germany) and FITC conjugated anti human CD86 (clone 233, BD
Biosciences, USA) for 30 min in the dark. Labelled cells were analyzed using FACS CANTO Il (BD
Bioscience), compensated using antibody capture beads (BD Bioscience). Flow cytometry data was
analyzed using Flowlo (version 10.8, Tree Star Inc.). The concentrations of TNFa and IL12 was
simultaneously evaluated in the supernatants of M1 polarized macrophages in the absence (control)
and after exposition to WJM using multiplex bead-based sandwich immunoassay kits (cat.no.
171B5026M, TNFa; cat.no. 171B5011M, IL12; BioRad Laboratories Inc., Segrate, Italy) following the
manufacturer’s instructions. Briefly, we added 50uL to each well of the diluted standards (fourfold
dilution series), controls and samples in triplicate and added 50puL of coupled beads and the plate

was incubated at room temperature for 30 m. The plate was then washed three times of 100 L



wash buffer and incubated with 25 pL of detection antibodies for 30 m. Finally, the plate was washed
three times and incubated with 50 pL of streptavidin-PE for 30 min and measured in a reader (Bio-

Rad Laboratories Inc.).

2.9. Immunocytochemistry

Immunocytochemistry analysis was performed using the ImmPRESS kit (cat. no. MP-7500; Vector
Laboratories, Inc., CA, USA). Cells were plated at a density of 10000 cells/cm? in 24-culture plates in
the presence of WJMs to up 7 days. Cells were fixed in cold methanol at room temperature for 10
min and permeabilized with a 0.2% (v/v) Triton X-100 (Merck KGaA) in Tris-buffered saline (TBS) at
room temperature for 10 min. Cells were treated with H,02 3% (v/v) in TBS at room temperature for
10 m, thereafter in 2% normal horse serum (Vector Laboratories, Inc.) for 15 min at room
temperature. After serum treatment, primary antibodies against SOX9 (1:500), TRPS1 (1:100),
FOX03a (1:1000), ACAN (1:200), COL2a1l (1:200) were added and incubated at 4°C overnight [SOX9,
cat. no. sc-20095, aggrecan, ACAN; cat. no. sc-33695, Santa Cruz Biotech, Inc.; FOXO3a, cat. no.
ab70315 and collagen type Il al chain (COL2al) cat. no. ab3092, Abcam, Cambridge, UK; anti-tricho-
rhino-phalangeal syndrome type | protein, zinc finger protein (TRPS1) cat. no. 20003-1-AP,
ProteinTech Group, Inc., IL, USA]. After exposure to the primary antibodies, cells were rinsed in 1X
TBS and incubated for 30 min at room temperature with ImmPRESS-HRP Universal Polymer reagent
(horse anti-mouse/rabbit IgG), The final stain with a substrate/chromogen mix (ImmPACT™ DAB,
Vector Laboratories, Inc) was performed for 5 min at room temperature. After washing, cells were
mounted in glycerol/PBS (9:1) and observed under a Nikon Eclipse 50i optical microscope (Nikon
Corporation). Semi-quantitative image analysis of immunostained cells was performed using the

Imagel software as previously reported [29].

2.10. Human organ culture model

IVD disc tissues from 3 patients (Pfirrmann grade 4-5) were processed within 16 h, chopped in small
pieces (0.1-0.3 cm3) and rinsed in PBS 1X containing 1% penicillin—streptomycin. Based on the wet
weight, the tissues were placed in 24-wells plate (basal medium, see above) and divided equally (300
mg each) between control (untreated) and AO75W3 group (in the presence of AO75W3 millicylinder).
After 7 days tissues were subjected to mild digestion with type IV collagenase (1 mg/mL) as already
reported. Percentages of CD24 positive isolated cells were evaluated by flow cytometry. Briefly IVD

cells were incubated in binding buffer (PBS 1X/2 mM EDTA/0.5% BSA) with PE conjugated anti-



human CD24 (clone REA832, Miltenyi biotec, Germany) for 30 m, 4°C, in the dark. Labelled cells
were analysed using FACS CANTO Il (BD Bioscience), compensated using antibody capture beads (BD
Bioscience). Flow cytometry data was analysed using FlowJo (version 10.8, Tree Star Inc.).
Furthermore, a tissue sample from each group was also fixed in 4% PFA (paraformaldehyde, Merck

KGaA) and used for histochemical analysis.

2.11. Immunohistochemical analysis

IVD tissue samples after incubation with AO75W3 millicylinders were rinsed with PBS1X, fixed in 4
% PFA for 24 h at 4 °C, embedded in paraffin and cross-sectioned (5-um thick). For histological
evaluation non-consecutive sections were immunoassayed with FOXO3a (cat. no. ab70315, 1:100
dilution; Abcam) TRPS1 (#20003-1-AP; 1:100 dilution; Abcam) and SOD-2 (cat. no. sc-133134; 1:100
dilution; Santa Cruz Biotech). Immunohistochemical sections were deparaffinized, rehydrated, and
heated in sodium citrate (pH 6) for antigen retrieval. Slides were then processed with 3 % H,0; in
PBS for 5 min and with blocking solution (PBS 1X /1% BSA/10% FCS) for 30 min at room temperature.
Then the slides were incubated over night with the primary antibody at 4 °C, followed by treatment
with Vecstain ABC reagent (Vector Laboratories, Inc) for 30 min. The reactions were developed using
DAB solution (Vector Laboratories, Inc), the sections were counterstained with haematoxylin and
mounted in glycerol. The staining was quantified by a computerised video camera-based image
analysis system (NIH, USA Imagel software, public domain available at: http://rsb.info.nih.gov/nih-
image/) under brightfield microscopy (NikonEclipse 50i; Nikon Corporation), as reported above. For
the analysis of sections, positive cells in the area were counted and protein levels expressed as % of

positive nuclei (ten fields per replicate, 5 sections per sample).

2.12. Statistical analysis

Data are reported as mean value * standard deviation (SD). Unpaired Student's t-test was used for
direct comparisons; multiple groups were compared by using one-way ANOVA, followed by Tukey's
HSD post-hoc test. All statistical analyses were performed using Prism 6 software (GraphPad

Software). P-values less than 0.05 were considered significant.

Table 1. Human IVD samples clinical informations
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el i
#1 145 | 62 | female ;ae‘l'f;‘g;‘:]?zt}'aufc'gnz:d Palsy, | 5 months IV
#2 L4L5 | 49 male radiculopathy: palsy 6 months v
#3 L4L5 | 57 male radiculopathy: pain and palsy 2 months v
#4 L4L5 | 64 male radiculopathy: pain 2 months v
#5 LAL5 | 46 male radiculopathy: pain and palsy 1 month 1
#6 L4L5 | 80 male radiculopathy: pain and palsy 48 months v
#7 L3L4 | 81 | female | radiculopathy: pain 1 month Il
#8 L4L5 | 67 male back pain and claudicatio 3 months \Y
#9 LAL5 | 66 male radiculopathy: pain 18 months Il
#10 | 1551 |54 |female E:ic:afjigals;d radiculopathy: | ¢ - onths 1
#11 L4L5 | 53 | male claudicatio 9 months v
#12 L4L5 | 45 male radiculopathy: pain and palsy 7 months [
#13 L5S1 | 26 female | radiculopathy: pain 12 months v
#14 | 1213 |67 |male E:ic:afjigals;d radiculopathy: | 4 1 onth IV
#15 L4L5 | 64 male radiculopathy: pain and palsy 4 months v

Table 2 Identification codes and composition of the biopolymers employed for the millicylinders (WJMs)

preparation

Identification | Alginate Gelatin Wi

code (%, w/w) (%, w/w) (%, w/w)
Ao75G3 0.75 3.00 n.p.
Ao75G1sW1s 0.75 1.50 1.50
Ao7sW3 0.75 n.p. 3.00
Ao75Ws 0.75 n.p. 6.00
Ao75W15 0.75 n.p. 1.50

n.p. = not present
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3. RESULTS and DISCUSSION

3.1. Production of WJMs: general considerations

Thanks to their high-water contents, soft consistency and controlled 3D environment, hydrogels
have found numerous applications, in the medical and pharmaceutical fields [26, 31-34]. In this
respect, it is important to underline that the great success of multifunctional hydrogels (i.e.,
especially those with natural constituents) for biomedical applications lays in the structural,
biochemical and biomechanical similarity with the native ECM, displaying a rich ligand landscape
able to influence cell behaviours [35, 36].

More specifically, one of the main goals of the present paper is to develop biomaterial-based
scaffolds possessing an integrated number of properties. In this respect, we describe here newly
designed millicylinders, basically formulated with the well-validated polymers alginate and gelatin,
offering the possibility to modulate/adjust the mechanical properties of the final millicylinders by
the combined action of two different gelling behaviour: the ionotropic properties of alginate and the
thermotropic properties of gelatin. The possibility to interact with cells is added to the mechanical
function provided by alginate/gelatin, through the use of decellularized Wharton’s Jelly, a potential
added value to the millicylinders (afterwards named and mentioned as WJMs) that represent the
focus of our investigation.

In this approach, cell grown in the presence or on the surface of the millicylinders can benefit from
the bioconstituents present in the DWJ, such as hyaluronate, proteoglycans, peptide growth factors
and lipid molecules that can improve cell viability and/or functions [17].

Moreover, multifunctional hydrogels containing a large proportion of inner water allow free diffusion
of molecules and supramolecular aggregates [37] (e.g., the vesicles present in the DWJ), while the
scaffolding polymers confer specific viscoelastic properties that are not found in either a pure solid
or a pure liquid material. Moreover, hydrogels can be fabricated into different shapes and sizes from
nano-scale particles to centimetres long sheets and 3D solids [38].

Finally, it is worth to mention that the presence of alginate offers an additional “function”: the
alginate in fact possesses immunobarrier properties [39], offering an immunoprotective function
that allows the implantation of the graft and the survival without treatment of the recipients with
immunosuppressive protocols.

With respect to the present investigation, the production of WJMs was accomplished by a replica

molding approach, using PDMS molds (see Figure 2 panel A, B), in which the various biopolymer
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mixtures were poured. For the complete biomaterial composition of the produced WIMs and they
respective identification codes (later mentioned in the Result section and Figure captions) see Table
1. The developed protocol, based on a freezing step, leads to the consolidation of the entire
polymeric dispersion mixture (by freezing the samples at -20°C), followed by an ionic gelation step
(i.e, of the alginate component), which allows the consolidation of the obtained millicylinders
(WJMs) at room temperature. After gelation of the freshly prepared WIJMs (see Figure 2, panels C-
E), the samples were subjected to a freeze-drying process, resulting in a porous, stable, easily

storable and suitable matrix for ex-vivo experiments.
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Figure 2

3.2. Effect of WJMs on viability, proliferation and wound closure ability of IVD cells
The experiments to evaluate the biological properties of the three different formulations were
conceived by monitoring the cellular response to the soluble factors which were collectively released

15



into the culture medium (see the schematic overview of the experimental plan reported in Figure
1). For this purpose, human IVD cells isolated from degenerated disc tissue of patients undergoing
spinal surgery and expanded up to passage three (P3) cells were used. As previously described,
expansion in culture causes cells to dedifferentiate and lose their chondrogenic-like phenotype
resembling the degeneration process [29]. The use human IVD primary cells represent an added
value with regards to obtaining data that are in certain aspects more informative than the use of an
animal model; however, the difficulty of isolation from surgical biopsies and the scarcity of cells
obtainable from a tissue like this with low cellularity inevitably limits the number of experiments
that can be performed. For these reasons, we were able to combine cells with a limited number of
WIMs. Specifically, in a first step, the potential stimuli from three WJMs, A075G3, AO75G15W15 and
A075W3, were evaluated on viability, proliferation and wound closure ability of the cells (Figure 3
and Figure 4). Staining with Calcein AM/propidium iodide and FITC-conjugated phalloidin (Figure 3)
showed that cells were viable after 72 h in culture, with no appreciable changes in cell morphology
and cytoskeletal organization. The evaluation of proliferation performed with Alamarblue™ showed
that cells receive some proliferative stimulus from all three formulations, especially from A075W3
and even more from A0O75G15W15 (Figure 3). Scratch assay was then performed on injured adherent
IVD cell layers maintained over the next 72 hours in the culture medium in which the WJMs had
previously been kept for 48 hours. Notably, as reported in Figure 4, conditioned medium from
A075W3 induced a 17.89 £3.22 wound closure that is significantly higher than that produced by the
conditioned media from A075G3 and A075G15W15, or by control medium. It is important to
underline that the recovery of a certain migratory capacity by the IVD cells is very critical for the
regeneration of the disc, since this activity

is usually lost in the degenerated IVD microenvironment [40].
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3.3. Effect of WJMs on M1 polarized human macrophages

The anti-inflammatory potential of the WJMs was investigated in a preliminary study aimed at
evaluating the response of macrophages in culture. For this purpose, human monocytes were
differentiated to macrophages through the addition of MCSF, polarized to pro-inflammatory M1
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phenotype with LPS and IFNYy (as detailed in the Material and Methods section), and subjected for
48 h to the stimuli from the three WIMs, A075G3, AO75G15W15 and AO75W3. The expression level
of two pro-inflammatory surface markers (CD80 and CD86), and the secretion of two pro-
inflammatory cytokines (TNFa and IL-12) was evaluated by flow cytometry and ELISA immunoassay,
respectively. As shown in Figure 5, AO75W3 is the multifunctional millicylinder that, among those
analyzed, is the particularly effective one mere-than-the-others,-is-effective in downregulating pro-
inflammatory phenotypes in macrophages. Among the evaluated markers, the most significant
reduction of expression concerns the CD80. The decrease in CD86 expression and in TNFa secretion
is appreciable but not significant, while the modulation of IL-12 is unaffected.

These data suggest that the combination with alginate and gelatin still allows the anti-inflammatory
properties of the DWJ to be maintained at a substantial level [17]. Obviously, future in vivo

experiments on animal models will be needed to confirm this aspect.
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3.4. Effect of WJMs on IVD cell phenotype
The differentiation potential of the WJMs was investigated by evaluating the expression of ECM
components (type Il collagen al chain and Aggrecan) and pro-discogenic transcription factors (SOX9,
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TRPS1 and FOX03a) [41] in IVD cells after 7 days in culture. This analysis was the one which, more
than others, demonstrated how relevant the presence of DWIJ in the WIMs is. Except for TRPS1
whose expression remained always unchanged, soluble factors released by AO75G15W15 and even
more by AO75W3, but not by A075G3, significantly increased the expression of all other markers, as
revealed by immunocytochemical analysis (Figure 6). Therefore, the collected evidence suggested
that AO75W3 was the most promising formulation, considering the efficacy on reverting IVD
degenerated phenotype. To further investigate the biological effect of AO75W3 and establish a
possible dose-response relationship between the presence of DWJ and the expression levels of the
analyzed markers, WJMs with the same percentage of alginate but with different percentages of DWJ
were produced and compared. A preliminary analysis was performed on WJMs with DWJ 1.5% (w/v)
and DWJ 6% (w/v), designated AO75W15 and AO75W6 respectively (Table 2). After 7 days of culture,
immunocytochemical analysis revealed that the expression levels of Aggrecan were not affected by
the percentage of DWJ, while the expression level of the other proteins, in particular SOX9, FOX0O3a
and type Il collagen al chain, continued to be positively modulated by AO75W3 (Figure 7). While
these data need to be validated with other experiments, yet these preliminary data suggest that
there is a concentration range of DWJ around which the WJMs performs its optimal effect, and that
an improvement in the IVD phenotype is not proportional to the increase in the amount of DWJ in

the millicylinder.
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Figure 7

3.5. Effect of AO75W3 multifunctional millicylinder on organ IVD culture model

As a final analysis, attention was focused on AO75W3, the WIM which, according to the biological
evaluations performed, proved to be more effective than the other. The potential of soluble factors
released by it was evaluated on IVD biopsy fragments placed in culture for 7 days as organ IVD culture
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model [41]. For this purpose, data collected from three different patients were evaluated separately.
After 7 days in culture, the IVD fragments were subjected to immunohistochemical analysis for pro-
discogenic transcription factors FOXO3a and TRPS1 as well as for the superoxide dismutase SOD2, a
mitochondrial enzyme related to the antioxidant and redox signaling [43], and CD24 antigen [44].
CD24 is associated with the phenotype of notochordal cells, the embryonic precursors of all cells
found in the nucleus pulposus (NP) of mature IVD and in part retained in the adult NP [45, 46].
Notably, the loss of notochord cells has been correlated with the pathogenesis of disc degeneration
[47], conversely it has been described the protective effect of CD24-positive IVD cells against disc
degeneration [44]. The data reported in Figure 8 suggest that the released factors are perceived by
the IVD tissue fragments that respond positively to the stimuli with a tendency to raise the levels of
the analysed markers with only two exceptions concerning CD24 and SOD2 in sample #6.
Interestingly, the presence of AO75W3 multifunctional millicylinder was particularly effective in the
two samples (#14 and #15) with appreciable basal levels of CD24 positive cells. The approach
proposed here presents some limitations represented by the few samples examined, a single
exposure time and a small number of functional markers analysed. However, it should be considered
a proof of concept for the development of a human experimental model useful for testing the
efficacy of therapies designed to reactivate the endogenous regenerative properties of the IVD

microenvironment.
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4. CONCLUSIONS

The current investigation describes a new approach for the production of multifunctional millicylinders as
tools for the treatment of intervertebral disc degeneration (IDD). Notably, the search of innovative

approaches for IDD treatment is particularly active as proved by a number of published papers. In this respect,
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intra-1VD injection of mesenchymal stromal cells (MSC) [49], MSC-derived extracellular vesicles (MSC-EVs)
[50] and growth factors such IGF-1, BMP-7, BMP-2 and BMP-4 [51-52], have been identified not always
effective in delaying or even reversing IDD. Nevertheless, the employment of ECM-based hydrogels [28], the
combination alginate/hyaluronic acid in injectable scaffolds [31] often associated with anti-inflammatory
biomolecules clearly exhibiting chemicals and physical properties, resembling IVD physiological environment
and opening new opportunities for treatment. Therefore, considering the currently available data on the
production of biomaterials for IDD, the results contained in the current manuscript suggest that the
WIJMs represent very promising tools for future clinical applications. Particularly interesting is indeed the
possibility to adjust the composition of the millicylinders, fitting to the specific patient's needs. Indeed, it is
worth mentioning that the composition and the mechanical properties of ECM of IVD varies depending
on the anatomical site within the spine [6]. Consequently, it is important to develop biomaterials tailored to
match the unique signature of ECM associated to the different IDD subtypes (disc fibrosis, disc calcification
and disc herniations) [48]. Thus, the here proposed millicylinders could
appropriately challenge the current needing of precise tissue engineering approach based on bioinspired

scaffolds with tuneable biological properties.

Our findings suggest that the WJMs we obtained are very promising for future clinical application as

it can be suitably modified, can become multifunctional and therefore tailored to the patient's
needs. These biomaterials represent an important perspective for IVD regeneration Can

effectively replace the function of the natural disk in humans. indeed, it is worth
mentioning that in IVD, ECM profile varies depending on anatomical position and mechanical
properties of each region within the spine [6]. Consequently, the ECM exhibits a unique signature in
each of degenerative phenotypes that characterize the different IDD subtypes (disc fibrosis, disc
calcification and disc herniations) [48]. Thus, the greatest challenge currently lies in developing a
precision tissue engineering approach based on bioinspired scaffolds with tuneable biological

properties such as the WJMs proposed here.
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Figure legends

Figure 1 Schematic overview of the experimental plan. De-differentiated human IVD cells, human
macrophages (M1 polarized) and human IVD biopsies were respectively studied, by the specified

techniques, in in vitro and ex-vivo experiments using Transwell™ culture system setup.

Figure 2 Photographs respectively showing: the PDMS negative molds used for the fabrication of the
WIMs (A, B); the freshly prepared and ionically cross-linked millicylinders (i.e., before freeze drying)
(C-E) and the freeze-dried samples. Photographs represent AO75G3 (C and F), AO75G15W15 (D and

G) and A0O75W3 (E and H). For the specific composition of the imaged samples see Table 2.

Figure 3 Effect of the exposure to the indicated WJMs on the viability (upper photograph set),
cytoskeletal arrangement (middle photograph set) and proliferation (lower graph) of IVD cells.
Before the specific staining, cells were cultured in the presence of the indicated WIMs in a
Transwell™ culture system setup for 72 h. Viability was determined by the live/dead cell test using
merged images obtained by fluorescence microscopy; the green fluorescence indicates the presence
of Calcein labelled live cells and the red fluorescence indicate the presence of dead cells stained with
propidium iodide. The cytoskeletal organization was imaged by staining with Alexa Fluor 488
Phalloidin (resulting in a green fluorescence) and counterstaining with DAPI (resulting in a blue
fluorescence). Scale bars correspond to 20 um (upper photographs) and to 10 um (lower
photographs). Cell proliferation: IVD cells were cultured up to 15 days in the presence of WJMs,
namely A075G3 (filled circles), AO75G15W15 (filled squares) and A075W3 (filled diamond), for
comparison, the cell proliferation of control cells is also reported (open circles). Data represent the
average of three independent experiments (biological replicates) run in triplicate. (AO75W3vs CTR,
P=0.11, d2; 0.069, d5; 0.002, d10; 0.019, d15. AO75W3vs A075G3, P=0.01, d2; 0.067, d5; 0.008, d10;
0.037, d15. AO75W3vs A075G15W15, P=0.12, d2; 0.093, d5; 0.14, d10; 0.12, d15)

Figure 4 Effect of the exposure to the indicated WJMs on the migration ability of IVD cells measured
by scratch assay. Optical photomicrographs represent a typical experimental result, showing the
migration of the IVD cells after 72 h of cell culture. The bar corresponds to 50 um. The histograms
show the summary of experiments performed in triplicate and expressed as mean percentage of

wound closure (+SD), the plotted values represent the difference between wound width at 0 and 72
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h (*P=0.008, A075W3vs CTR; ° P = 0.0005, AO075W3vs A075G3; ~ P =0.0009, A075W3vs
A075G15W15; n = 3, biological replicates).

Figure 5 Effect of the exposure to the indicated WJMs on human macrophages (M1 polarized), after
48h of cell culture. The expression level of CD80 and CD86 pro-inflammatory surface markers were
performed by flow cytometry. The plots report the percentage amount (with respect to the control
cells) of CD80 and CD86. * P=0.002, AO75W3 vs M1; A P=0.024, AO75W3 vs A075G3). The contents
of TNFa and IL12 of conditioned medium collected in the same experimental conditions were also

evaluated. Data represent the mean + SD (n=3, biological replicates).

Figure 6 Effect of the exposure to the indicated WJMs on IVD cells, as expression of pro-discogenic
markers determined after 7 days of cell culture. The selected markers were collagen type Il al chain
(COL2a1l), aggrecan (ACAN), (A); SRY-Box transcription factor 9 (SOX9), transcriptional repressor
GATA binding 1 (TRPS1) and forkhead box O3 (FOXO3a), (B). The relative protein expression was
evaluated by immunocytochemistry and representative optical photomicrographic fields after
immunostaining are reported. Protein levels were quantified by densitometric analysis of
immunostained cell pictures using Image) software; the plotted results are expressed as means of
pixels per one hundred cells + SD, analysed in triplicate (technical replicates) for each sample (*
P=0.002,  A075W3vsA075G3, @ A075G15W15vsA075G3; A P=0.001,  AO075W3vsCTR,
A075G15W15vsCTR; n=4, biological replicates). Scale bars, 20 um.

Figure 7 Effect of the exposure to the WJMs containing different amounts of DWJ on IVD cells, as
expression of indicated markers determined after 7 days of cell culture. The selected markers were
collagen type Il al chain (COL2al), aggrecan (ACAN), SRY-Box transcription factor 9 (SOX9),
transcriptional repressor GATA binding 1 (TRPS1) and forkhead box O3 (FOXO3a). The relative protein
expression was evaluated by immunocytochemistry and representative optical photomicrographic
fields after immunostaining are reported. Protein levels were quantified by densitometric analysis
of immunostained cell pictures using Imagel) software; the plotted results are expressed as fold
change relative to control cells + SD (COL2a1, P=0.001, AO75W15, AO75W3, AO75W6v CTR; ACAN,
P=0.048 A075W3vs A075W15; SOX9, P=0.001, A0O75W15, AO75W3, A075We6vs CTR, P=0.0005,
A075W15, A075We6vs A075w3, A075G15W15; TRPS1, P=0.012, AO75W15 vsAO075W3; FOXO3a,
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P=0.01, A075W3, A075W6v CTR, P=0.005, A075W15, A075W6 vsA0O75W3; n=4, biological

replicates). Scale bars, 10 um.

Figure 8 Effect of AO75W3 multifunctional millicylinder on organ IVD culture model. IVD tissue
samples from 3 different donors (#14, #15 and #6) were incubated for 7 days in the presence of
A075W3. The presence of CD24 positive cells was evaluated by flow cytometry; the expression of
FOX03a, SOD2 and TRPS1 was evaluated by immunohistochemistry. (A) Protein levels were
guantified by densitometric analysis of immunostaining using ImagelJ software and expressed as %
of positive cells per area. The plotted results are expressed as means + SD (n=5, technical replicates).
All data points for replicates have been reported in the graphs. (B) Representative optical
photomicrographic fields after immunostaining are reported (for each indicated marker, control on

the left and AO75W3, on the right). Scale bars, 20 um.
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