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1 | INTRODUCTION

Low back pain is one of the major causes of disability worldwide.> One

possible cause is intervertebral disc (IVD) degeneration, which affects
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Abstract

Low back pain is the leading cause of disability worldwide, but current therapeutic
interventions are palliative or surgical in nature. Loss of notochordal cells (NCs) and
degradation of the healthy matrix in the nucleus pulposus (NP), the central tissue of
intervertebral discs (IVDs), has been associated with onset of degenerative disc
changes. Recently, we established a protocol for decellularization of notochordal cell
derived matrix (NCM) and found that it can provide regenerative cues to nucleus
pulposus cells of the IVD. Here, we combined the biologically regenerative properties
of decellularized NCM with the mechanical tunability of a poly(ethylene glycol)
hydrogel to additionally address biomechanics in the degenerate IVD. We further
introduced a hydrolysable PEG-diurethane crosslinker for slow degradation of the
gels in vivo. The resulting hydrogels were tunable over a broad range of stiffness's
(0.2 to 4.5 kPa), matching that of NC-rich and -poor NP tissues, respectively. Gels
formed within 30 min, giving ample time for handling, and remained shear-thinning
post-polymerization. Gels also slowly released dNCM over 28 days as measured by
GAG effusion. Viability of encapsulated bone marrow stromal cells after extrusion
through a needle remained high. Although encapsulated NCs stayed viable over
two weeks, their metabolic activity decreased, and their phenotype was lost in physi-
ological medium conditions in vitro. Overall, the obtained gels hold promise for appli-

cation in degenerated IVDs but require further tuning for combined use with NCs.

KEYWORDS
biomaterial, intervertebral disc, notochordal cell-derived matrix, regeneration, restoration

the disc on both a biological and a biomechanical level: insufficient nutri-
tion, loss of cells, and enhanced matrix degradation by nucleus pulpous
cells (NPCs) cause a compressive load shift from the central nucleus pul-

posus (NP) to the annulus fibrosus (AF). This may result in AF tears under
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the new excessive stress, which in turn will induce vascular, neural and
immunological invasion of the IVD and easier transport of noxious stim-
uli outward2™® Clinical treatment options are lacking, and currently
explored options include injectable cell carriers or filler materials, addres-
sing either the need for biological regeneration in mildly degenerated
IVDs, or restoring joint biomechanics in severe cases.®

Simultaneously addressing both biological regeneration and
mechanical restoration of the degenerate IVD may be advantageous
to address both short- and long-term treatment outcomes. Our group
has previously shown that the use of notochordal cell-derived matrix
(NCM) has regenerative effects in vitro” and in vivo,® and we further
developed a simple decellularization protocol to yield decellularized NCM
(ANCM) with similar bioactive properties to NCM.” However, NCM and
dNCM behave more similarly to a thick viscous fluid and cannot bear
physiological loads. Encapsulation of dNCM within a stiffer hydrogel thus
presents an opportunity to combine both long-term biological and
instant mechanical treatment approaches for disc regeneration.

Poly(ethylene glycol) (PEG) is a popular material for hydrogel
formation within the field of regenerative medicine and tissue engi-
neering, and has been previously used for materials intended for use
in the NP.1° However, PEG itself only slowly degrades, so degradable
block-co-polymers and spacers have been described in literature to
confer hydrolysable properties to PEG gels.!*"*® The degradation
times of these polymers however is faster than the years-long tissue
turnover within the NP.** For mechanical restoration approaches
these materials would result in an initial improvement in joint biome-
chanics undermined by physiological loading onto incompletely regen-
erated tissue after premature biomaterial degradation. We here
describe the synthesis of a novel degradable PEG-based crosslinker by
introduction of urethane and thiol groups. Urethane groups have fre-
quently been used in long-term drug release applications,®> and thus
may be useful in hydrogels delivering bioactive cargo to the NP. The
thiol groups are reactive toward double bond groups, such as vinyl-
sulfone groups, facilitating hydrogel formation through crosslinking.*

Additionally, cell transplantation has been heavily explored for IVD
regeneration, as the residing NP cells may not be able to synthesize suf-
ficient amounts of matrix for long-term joint mechanics restoration after
biomaterial degradation. Notochordal cells (NCs) have been shown to
exude regenerative effects through vesicle-derived growth factors and
the specialized matrix they produce.'”*® However, in humans, NC clus-
ters within the disc start disappearing from young age.’” New studies
identified remnant NC and other progenitor cells potentially aiding the
residing NPCs' matrix production after onset of disc degeneration.2%?!
However, animal-derived NCs are associated with several drawbacks
when considering transplantation into humans, such as retroviral trans-
mission.2? Injection of for example, autologous induced pluripotent
stem cell (iPSC)-derived NCs into the patient IVD may therefore present
an avenue for further biological regeneration beyond administration of
dNCM. Mesenchymal stromal cells have also been explored in this con-
text.232% NCs have previously been shown to be sensitive to substrate
stiffness, preferring softer ones.2>2% Gels designed for cell transplanta-
tion and biological regeneration of IVDs may therefore need to be

softer than gels intended for purely mechanical restoration purposes.

Here, we investigate the capabilities of a tunable ANCM+-PEG gel to
assume stiffnesses of NC- rich matrices (porcine NP) or human NP, and
to release dNCM from the respective gels. The approach presented here
may be useful for both biological regeneration and mechanical restoration
of IVDs of varying degeneration grades. We describe the material proper-
ties of these gels, the capacity of these hydrogels for cell injection into

the disc in general, and for NC phenotype maintenance in particular.

2 | MATERIALS AND METHODS

Materials were obtained from Sigma Aldrich/Merck (Amsterdam, The
Netherlands), unless stated otherwise.

21 | Decellularization of NCM to obtain dNCM
Decellularized NCM (dNMC) was produced as published before.”
Briefly, porcine spines (12 weeks old) were obtained from a local abat-
toir, according to local regulations. The IVDs were opened under
aseptic conditions. NCM from 3 spines was pooled into one batch,
briefly mixed with a sterile weighing spoon, and then aliquoted into
1-2 g tissue samples. Samples were frozen overnight at —80°C before
lyophilization for >72 h at <—50°C until completely dry. Decellularization
was performed under aseptic conditions. Lyophilized NP tissue samples
were treated with 200 U/mL benzonase in 50 mM Tris-HCI buffer,
pH 7.5, 2.5 mM MgCl, at 0.01 mL buffer/mg dry weight tissue for 48 h
at 37°C on a roller at 2 rpm. Samples were then washed twice with
0.2 mL PBS/mg dry weight tissue for 30 min on a roller at 40 rpm. For
easier buffer aspiration, samples were centrifuged at 1000g for 5 min. As
much PBS as possible was removed in between washes and prior to
freezing the samples and lyophilization for >72 h until completely dry.
dNCM was pulverized using a mortar and pestle/microdismembrator
(Sartorius, Goettingen, Germany). Powders were UV-sterilized in a petri
dish for 2x 5 min, 1x 10 min (stirring between) at 30 cm distance from a
Philips TUVG30T8 UV lamp (Philips, Amsterdam, Netherlands).

2.2 | Synthesis and characterization of
hydrolysable PEG-diurethane-dithiol crosslinker

The reaction scheme for the synthesis of the hydrolysable
crosslinker is outlined in Reaction scheme 1. In the first step PEG
(MW = 8000 g/mol) was activated using N,N’-carbodiimidazole (CDI)
giving 1. The activated PEG (1) was subsequently reacted with an
excess of 1,6-diaminohexane; the product was purified using tritura-
tion in diethyl ether to give 2.

The endcapper molecule 4 was synthesized by trityl protection of
mercaptopropionic acid using trityl chloride in dichloromethane
(DCM). After filtration and washing of the residue 3 was obtained.
Thereafter, 3 was activated with 2,3,5,6-tetrafluorophenol using N,N’-
diisopropylcarbodiimide (DIC) as coupling reagent. The product was

purified via column chromatography yielding activated ester 4.
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REACTION SCHEME 1

(A) N,N’-carbodiimidazole (CDI), CHCI3, 1 h, RT, 96%; (B) 1,6-diaminohexane, CHCl3, 2 h, 40°C, 97%;

(C) tritylchloride, DCM, 1 h, RT, 100%; (D) 2,3,5,6-tetrafluorophenol, N,N’-diisopropylcarbodiimide (DIC), 4-(dimethylamine)pyridinium
4-methylbenzenesulfonate, tetrahydrofuran (THF), 0°C to RT, 1 h, 77%,; (E) DCM, N,N-diisopropylethylamine (DIPEA), 72 h, RT, 92%;
(F) 1,1,1,3,3,3-hexafluoroisopropan-2-ol (HFIP), boron trifluoride etherate, triethylsilane, 30 min, RT, 92%.

In the next step 2 and 4 were allowed to react in chloroform for
72 h at room temperature to yield 5. Finally, the deprotection of
5 was performed using a mixture of 1,1,1,3,3,3-hexafluoroisopropan-
2-ol, boron trifluoride etherate and triethylsilane. Purification was
done by precipitating the product twice in diethyl ether to obtain 6 as
a white powder.'H-NMR and '?F-NMR spectral data as well as gel
permeation chromatography (GPC; using dimethylformamide (DMF)

eluent) data of 6 are compiled in the Supplementary Information.

2.21 | Synthesis of poly(ethylene glycol)-bis
(1H-imidazole-1-carboxylate) (1)

In a round-bottomed flask of 250 mL PEG (MW = 8000 g/mol,
32.6 g, 4.07 mmol, 1 moleq) was dried under vacuum and 120°C for
1 h. The material was dissolved in chloroform (100 mL) and was added
via a syringe pump at 4 mL min~! to a solution of N,N’-
carbodiimidazole (CDI, 5.28 g, 32.6 mmol, 8 moleq) in chloroform
(70 mL). After addition of the PEG-solution, the reaction mixture was
stirred for another hour at room temperature. The reaction mixture
was triturated twice with diethyl ether, was filtrated, washed with
ether and dried in vacuo at 40°C to give a white powder
(32.1 g, 96%).

1H NMR (400 MHz, Chloroform-d) & 8.16 (d, J = 1.1 Hz, 2H), 7.45
(t, J=1.5Hz, 2H), 7.07 (dd, J = 1.6, 0.9 Hz, 2H), 4.59-4.53 (m, 4H),
3.87-3.79 (m, 4H), 3.64 (s, 819H). 13C NMR (101 MHz, CDCl3) & 137.2,
130.7, 117.2,77.4,77.3, 77.1, 76.8, 70.6, 68.6, 67.1. GPC: (DMF, PEG
standards) Mn = 8.9 kg/mol, Mw = 9.3 kg/mol polymer dispersity index
(PDI) = 1.04.

2.2.2 | Synthesis of poly(ethylene glycol)-bis
(6-aminohexylcarbamate) (2)

In a flask of 250 mL 1 (32 g, 3.9 mmol, 1 moleq) was dissolved in chlo-
roform (80 mL). This solution was added via a syringe pump at a speed
of 4 mL/min to a solution of 1,6-diaminohexane (7.25 g, 62.4 mmol,
16 moleq) in chloroform (100 mL) at 40°C. After addition, the reaction mix-
ture was stirred for another 2 h at 40°C. The reaction mixture was trans-
ferred to a round-bottomed flask of 3 L and was triturated twice with
diethyl ether (1100 mL). The precipitate was filtered over a glass-fritted filter
and the residue was washed twice with diethyl ether to give a white
powder in a 97% yield (note: a small amount of dimerized product is formed).

1H NMR (400 MHz, Chloroform-d) & 4.95 (s, 2H), 4.21
(t, J=4.7 Hz, 4H), 3.64 (s, 828H), 3.16 (q, J = 6.7 Hz, 4H), 2.68
(t, J = 6.9 Hz, 4H), 1.47 (m, 8H), 1.33 (m, 8H). **C NMR (101 MHz,
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CDCl3) 6 156.4, 72.8, 70.5, 69.6, 63.7, 42.1, 40.9, 33.6, 29.9, 26.5,
26.5. GPC (DMF, PEG standards) Peak 1: Mn = 15.6 kg/mol,
Mw = 15.9 kg/mol, PDI=1.02, Peak 2: Mn=6.61kg/mol,
Mw = 7.10 kg/mol, PDI = 1.07.

2.2.3 | Synthesis of 3-(Tritylthio)propanoic acid (3)
To a solution of mercaptopropionic acid (1.2 g, 0.98 mL, 11.3 mmol,
1.0 moleq) in DCM was added (dropwise) a solution of trityl chloride
(3.47 g, 12.4 mmol, 1.1 moleq) in DCM. The reaction mixture was stir-
red for 1 h at room temperature. The precipitated product was
filtered, washed with diethyl ether and the residue was dried in vacuo
at room temperature to obtain a white solid in quantitative yield.

1H NMR (400 MHz, DMSO-dé) & 7.46-7.11 (m, 15H), 2.28
(t, J=74Hz, 2H), 217 (t, J = 6.8 Hz, 2H). *3C NMR (100 MHz,
DMSO) & 173.14, 144.85, 129.57, 128.50, 127.20, 66.66, 33.39, 27.17.

2.24 | Synthesis of 2,3,5,6-tetrafluorophenyl-
3-(trithylthio)propanoate (4)

To a cooled (0°C) suspension of 3-(tritylthio)propanoic acid (3.94 g,
11.3 mmol, 1.0 moleq), 2,3,5,6-tetrafluorophenol (1.88 g, 11.3 mmol,
1.0 moleq) and 4-(dimethylamino)pyridinium 4-methylbenzenesulfonate
(0.33 g, 1.13 mmol, 0.10 moleq) in tetrahydrofuran (THF) (16 mL) was
added N,N’-diisopropylcarbodiimide (DIC, 1.57 g, 1.95 mL, 12.4 mmol,
1.10 moleq) in THF (2 mL). After addition the ice bath was removed,
and the reaction mixture was stirred at room temperature for 1 h.
Thereafter, the reaction mixture was diluted with heptane to give a
white precipitate. The suspension was filtered, the residue was washed
with heptane and the filtrate was concentrated in vacuo. The white
solid residue was purified with column chromatography using mixtures
of heptane/chloroform giving the pure product (4.33 g, 77%).

1H NMR (400 MHz, Chloroform-d) & 7.50-7.42 (m, éH), 7.35-
7.26 (m, 6H), 7.26-7.18 (m, 3H), 6.96 (tt, J = 9.9, 7.0 Hz, 1H), 2.59 (t,
J=7.1Hz 2H), 2.44 (t, ) = 7.1 Hz, 2H). *3C NMR (101 MHz, CDCl5)
85 167.8, 147.2, 144.7, 1444, 141.8, 139.3, 129.6, 128.0, 126.8,
103.2, 67.1, 32.8, 26.4.

2.2.5 | Synthesis of poly(ethylene glycol)-bis
(6-(3-(tritylthio)propanamido)hexyl)carbamate (5)

To a solution of 2 (2.13 g, 0.26 mmol, 1.00 moleq) in DCM (9 mL) was
added 2,3,5,6-tetrafluorophenyl 3-(tritylthio)propanocate 4 (1.28 g,
2.6 mmol, 10.0 moleq) and N,N-diisopropylethylamine (DIPEA, 0.40 g,
0.54 mL, 3.09 mmol, 12.0 moleq). The reaction mixture was stirred at
room temperature for 72 h. After 72 h the reaction mixture was pre-
cipitated twice in diethyl ether, filtrated, washed with diethyl ether
and dried in vacuo at 40°C to give a white powder (2.1 g, 92%).

1H NMR (400 MHz, Chloroform-d) & 7.50-7.36 (m, 12H), 7.28
(m, 12H), 7.24-7.16 (m, 6H), 5.41 (s, 2H), 4.84 (s, 2H), 4.20

(t, ) = 4.7 Hz, 4H), 3.64 (s, 745H), 3.14 (dq, J = 12.6, 6.6 Hz, 8H), 2.49
(t, J=73Hz, 4H), 202 (t, J=73Hz, 3H), 145 (m, 8H), 1.30
(g, J = 3.7 Hz, 8H). GPC (DMF, poly(ethylene glycol) standards)
Peak 1: Mn = 18.3 kg/mol, Mw = 18.5 kg/mol, PDI = 1.02, Peak 2:
Mn = 9.2 kg/mol, Mw = 9.6 kg/mol, PDI = 1.04.

2.2.6 | Synthesis of poly(ethylene glycol)-bis
(6-(3-thiopropanamido)hexyl)carbamate (PEG-
diurethane-dithiol) (6)

To a stirring cleavage cocktail consisting of 1,1,1,3,3,3-hexafluoroisopropan-
2-ol (22 mL), boron trifluoride etherate (55 pL), triethylsilane (1.3 mL)
was added 5 (1.97 g, 0.22 mmol, 1.0 moleq). After 30 minutes at room
temperature the reaction mixture was precipitated in diethyl ether
(350 mL). The residue was filtered through a glass fritted filter and
washed with ether. The solid was redissolved in chloroform and precipi-
tated a second time in diethyl ether (as described above) and was dried
in vacuo giving a white powder (1.72 g, 92%).

H NMR (400 MHz, Chloroform-d) & 5.79 (s, 2H), 4.91 (s, 2H),
421 (t, J = 4.7 Hz, 4H), 3.64 (s, 836H), 3.26 (g, J = 6.7 Hz, 4H), 3.16
(g, J = 6.6 Hz, 4H), 2.82 (dt, J = 8.4, 6.7 Hz, 4H), 2.48 (t, J = 6.7 Hz,
4H), 1.62 (t, J = 8.3 Hz, 2H), 1.58-1.42 (m, 8H), 1.42-1.26 (m, 8H).
13C NMR (101 MHz, CDClg) 6 170.6, 156.5, 70.6, 69.7, 63.8, 40.6,
404, 39.2, 29.8, 29.4, 26.0, 20.5. GPC: Peak 1: Mn = 19.0 kg/mol,
Mw = 19.9 kg/mol, PDI = 1.05, Peak 2: Mn = 8.5 kg/mol, Mw =
9.0 kg/mol, PDI = 1.06.

2.3 | Encapsulation of dNCM in a tunable PEG gel

PEG-gels containing dNCM were prepared by reacting the PEG-
diurethane-dithiol crosslinker with 8-arm-PEG-vinyl sulfone while in the
presence of dNCM. Accordingly, dNCM powder was reconstituted to
5% w/v in PBS and homogenized by passing through increasing needle
gauge (G) sizes up to 27 G. The dNCM suspension was centrifuged for
5 min at 300g before use. 8-arm-PEG-vinyl sulfone (JenKem, Plano,
Texas) was dissolved to 250mg mL™Y in PBS. The PEG-
diurethane-dithiol crosslinker was dissolved to 212.5 mg mL™? in PBS.
The components were then mixed as described in Table 1 to yield stiff
and soft gels. One batch of INCM was used for all gel preparations. Rheo-
logical and gelation properties of ANCM-PEG gels Soft and stiff ANCM-
PEG gels (all n = 3) were measured in a parallel platen configuration
(0.05 N preload, diameter 8 mm), at 37°C with a rheometer (Ares 3000,
TA instruments, Asse, Belgium). First a frequency sweep (0.1 to 100 rad/s,
at 1% strain), then a strain sweep (0.1% to 100%, at 1 rad/s) was per-
formed. Gelation was measured at 1% strain, 1 rad/s for 30 min at 37°C.

24 | Gelswelling & component leaching

Stiff and soft gels were incubated in media mimicking the healthy

and degenerate IVD environment (adapted from Thorpe et al.?’).
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The media composition is detailed in Table 2. The pH is at 7.1 for
the healthy and 6.8 for the degenerate IVD environment at 5% CO, in
the incubator. Gels were incubated for 4 weeks, and the media chan-
ged twice per week. GAG content was assayed from the supernatant
with DMMB assay?®; empty gels were used as negative controls. Rela-
tive GAG loss was calculated from mean GAG amount per mg dNCM
as determined before.” Gels were weighed gravimetrically and swell-

ing determined relative to original weight:

swemng:w x 100%, (1)
()

with m, wet weight at timepoint t, and my, initial wet weight.

2.5 | dNCM distribution within gels

Soft and stiff gels with and without dNCM were prepared as
described above. In gels without dNCM, the respective dANCM-volume
was replaced by PBS. Gels were embedded in TissueTek (Sakura,
Finetek USA, Torrance) and frozen on dry ice. Cryosections were pre-
pared on a cryotome (CM1950, Leica, Amsterdam, The Netherlands)
with 50 um thickness. Sections were stained with Alcian Blue to
visualize dNCM.

TABLE 1 Composition of stiff and soft AINCM-PEG gels.

Component Stiff gel

5% w/v =25mM

Soft gel

8-arm PEG-vinyl 5% w/v =25mM

sulfone

Linear PEG-
diurethane-dithiol
crosslinker

85% w/v=10mM 2.125% w/v =2.5mM

Vinyl sulfone: thiol 1:1 1:0.25 (4:1)

molecular ratio
dNCM 2% w/v
15.5% w/v

2% w/v

Total solid content 9.125% w/v

Y sk WILE Y-

2.6 | Injectability of MSCs within the dNCM
+PEG gels

Injectability testing was conducted with human bone marrow-derived
mesenchymal stromal cells (MSCs) (Lonza, Cohasset).2’ MSCs are the
most commonly used cell investigated for intervertebral disc
regeneration,30 and were used in our injectability test for this reason,
and as a generic cell type standing in for any other cell type of interest
in the field as published before.? MSCs were cultured in high glucose
DMEM (hgDMEM) supplemented with 10% FBS (Bovogen Biologicals,
Melbourne, Australia), 1% Penicillin/Streptomycin, 1% non-essential
amino acids, and 1 ng/mL basic fibroblast growth factor (bFGF, Pepro-
tech, Hamburg, Germany) and passage 6 was used for the experiment.
Cells were resuspended in 5% w/v dNCM and then mixed with the
polymers to encapsulate them within the gels (50 uL/sample). Gels
were aspirated into a syringe through a 16G needle, and ejected
through a 27G needle. Afterwards cells were cultured for 24 h in
hgDMEM (Gibco, Landsmeer, The Netherlands) with 10% FBS (Gibco),
1% penicillin/streptomycin. A LIVE/DEAD staining with Calcein-AM/
Propidium lodide (1 and 10 ug/mL, respectively) (Invitrogen, Fisher
Scientific, Landsmeer, Netherlands) for 1 h in serum-free hgDMEM
was performed. Images were acquired on an Apotome microscope
(Zeiss, Jena, Germany). Samples were prepared in triplicate, with at
least two images acquired per sample. Cell viability was quantified
using Imagel. Viabilities >70% were determined as acceptable in line
with FDA regulations.®!

2.7 | Encapsulation of porcine notochordal cells
within dNCM-PEG gels & culture

Porcine NCs were isolated from 12-week-old spines as previously
described. Briefly, spines were cleaned, disinfected and opened asep-
tically to isolate the NP tissue. The NP tissue was then digested in
0.1% w/v pronase for 30 min before digestion in 0.1% w/v collage-
nase overnight. Digested NP tissue was then strained through a
70 um cell strainer and NCs counted with a NucleoCounter® NC-

TABLE 2 Composition of healthy and degenerate disc environment-mimicking medium.

Healthy disc environment-
mimicking medium

4.99 g/500 mL
0.425 g/500 mL
92.5 mmol/L (450 mOsm/kg)

Component
Low glucose DMEM
Sodium bicarbonate

N-Methyl-Glucamine HCI (NaCl homolog for
adjusting medium osmolarity)

Penicillin/Streptomycin 1% v/v
L-ascorbic acid 25 pg/mL
L-glutamine 1% v/v
ITS-X 1% v/v
L-Proline 40 pg/mL
Albumax 1.25 mg/mL

Degenerate disc environment-

mimicking medium Supplier
4.99 g/500 mL Gibco
0.213 g/500 mL Sigma
47.5 mmol/L (350 mOsm/kg) Sigma
1% v/v Gibco
25 pg/mL Gibco
1% v/v Gibco
1% v/v Gibco
40 pg/mL Sigma
1.25 mg/mL Gibco
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200™ (Chemometec, Allerod, Denmark). Gels with and without dNCM
were prepared as follows: NCs were resuspended in 5% w/v dNCM
or PBS before final mixing with PEG-vinyl sulfone and PEG-
diurethane-dithiol for gel formation with a final cell concentration of
4 x 10° cells/mL. Gels of 50 L were polymerized for 1 h at RT. Gels
were cultured in healthy-disc-like media in a 96-well plate. Media osmo-
larity was adjusted to 450 mOsm by dissolving N-methyl-glucamine
HCl in the medium as described above. Medium was refreshed every
2 days, and supernatant kept for a lactate assay on metabolic activity.
At day 14, gels were cut in half for both, histological stainings and DNA

measurements from the same sample as described below.

2.8 | DNA measurements

Gels were lyophilized for >48 h until completely dry and their dry
weight recorded. Gels were then digested overnight at 60°C using
140 mg/mL papain in 100 mM phosphate buffer, 5 mM L-cysteine,
5 mM EDTA. Gels were then frozen at —20°C for >24 h, before
thawing and mincing with plastic “mini-pestles” within the diges-
tion solution. Samples were vortexed and left at room temperature
undisturbed for 10 min to allow for sinking of PEG gel fragments
and easy aspiration of the supernatant. The supernatant's DNA
concentration was determined using the Qubit DNA assay (Qubit
dsDNA HS assay, Thermo-Fisher Scientific, Landsmeer, The

Netherlands) following the manufacturer's instructions.

29 |
activity

Lactate assay for measuring metabolic

Lactate in medium supernatant was measured as previously pub-
lished.>2 Briefly, 40 pL of 1:8-1:64 diluted medium supernatants and
sodium L-lactate standards (0-1 mM) were mixed with a solution of
5 mg/mL p-nicotinamide adenine dinucleotide, 0.2 M glycine
buffer and 22.25 U/mL L-lactate dehydrogenase and incubated at
37°C for 30 min before reading absorbance at 340 nm (Synergy
HTX, BioTek, Winooski). Lactate readings were normalized to
median DNA amount at DO for the respective gel group. Note that
the first possible timepoint for lactate measurement is at day
2 (first medium change), since at day O cells did not have time to
metabolize the glucose within the medium and lactate readout
would be 0.

2.10 | Histological staining

Gels at DO and D14 were fixed overnight in 3.7% formalin, and
afterwards dehydrated and embedded into paraffin. 10 um sections
were cut with a cryotome (Leica), before staining with Hematoxylin
and Eosin for nuclei and cytoplasmic staining, respectively. Images
were acquired in brightfield microscopy (Axiovert Observer Z31,

Zeiss).

211 | Statistics

Differences in released dNCM amounts from gels were investigated
using a Kruskal-Wallis test with Dunn Post-hoc testing employing a
Bonferroni correction. Differences in DNA amounts in gels with
encapsulated NCs were investigated with a three-factor ANOVA
(dNCM presence, stiffness, time) with Tukey's post-hoc correction in

R (v3.6.3). Significance levels were set at p < .05.

3 | RESULTS

By varying the crosslinker amount within the gels we obtained two
gels with stiffnesses that differed in one order of magnitude: the stif-
fer gel exhibited a median complex modulus of 4508 Pa at 10% strain,
whereas the softer gel with less crosslinker displayed a median com-
plex modulus of 174 Pa (Figure 1A,C). The crossover points for
G" > G were > > 11% strain in both gels (Figure 1A,C), that is, in
supraphysiological strain values for the degenerated disc.3® With
increasing shear frequency, the gels' shear moduli slightly increased
(Figure 1B,D). Overall, gels formed within 30 min (Figure 2) and were
shear-thinning post-polymerization as viscosity decreased with
increasing shear rate (Figure 1E).

Further, both gel types swelled up to 150% relative to their initial
wet weight independent of healthy or degenerate IVD-like medium
conditions (Figure 3A,B). Stiff gels swelled within 24 h to 100% of ini-
tial wet weight, and maintained their swollen weight for 28 days. Soft
gels seemed to continuously swell over the 28-day time period reach-
ing 150% initial wet weight by the end of the culture period.

To confer bioactive and regenerative properties to the gels in
addition to their mechanical tunability, we encapsulated decellularized
NCM (dNCM) as cargo within the gels. By simple homogenization via
pipetting, we obtained an even distribution of dNCM within both the
stiff and soft gel as demonstrated by an Alcian Blue staining of gels
(Figure 3C). Gels without encapsulated dNCM did not exhibit any
stain, indicating that PEG does not react with the Alcian Blue dye. We
also observed that the gels permitted slow effusion of dNCM into
its surroundings; (d)NCM consists largely of glycosaminoglycans
(GAGs)’ and we measured their release into media as a proxy for
dNCM release. dNCM effusion seemed to be gel- and media-
dependent, where soft gels in general “lost” the encapsulated dNCM
quicker than their stiff counterparts, and media mimicking the
degenerate IVD-environment displayed larger amounts of released
GAGs over time (Figure 3D,E). Loss of dNCM is highest within the
first 2 days, after which release into the surrounding media slows
down. According to median GAG content of dNCM? encapsulated in
the gels, soft gels lost ~75% of dNCM in healthy IVD-like condi-
tions, but all of the encapsulated dNCM in degenerate IVD-like IVD
conditions (~125%). Contrary to this, stiff gels leached only up to
~25% of their dNCM cargo in degenerate or healthy IVD-like
medium.

For any cell-transplantation-based approach, cells must remain

viable after injection of the gel into the NP. Here, we opted for using
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(A, B) Swelling behavior of stiff & soft gels relative to initial gel wet weight over time. (C) dNCM distribution within gels visualized

by Alcian Blue staining. Scale bar: 5 mm. (D, E) ANCM-release approximated by GAG-release into supernatant over time depends on gel

formulation and medium conditions. All n = 3 + SEM.

MSCs as a stand-in for any cell type of interest to evaluate survival
after extrusion through a 27 G needle: MSC viability post-injection
remained high at >80% median viability (Figure 4A), with stiffer gels
trending toward lower viability values overall. DNA content after NC
encapsulation remained stable for soft gels and stiff gels with dNCM
over 14 days while lactate content in the medium decreased over
2 weeks in culture for all culture groups (Figure 4B,C). Initial lactate
content in the medium was highest for soft gels with and without
dNCM, and did not reach zero for these groups over 14 days. Medium
lactate content for stiff gel groups was only detectable for ~10 days.
NC morphology is characterized by the overall large cell size and pres-
ence of large vacuole.*® These can be observed in native porcine NP

sections and for some cells after NC isolation from porcine NP tissue.

Overall, the encapsulated cells lost their characteristic NC morphology
including their vacuoles, and the cells shrunk in size (Figure 4D). For
stiff gels without dNCM, few cells were visible, corroborating the
lower DNA amount measured for this group at D14 (Figure 4B) and
supplementary Figures 1-3.

4 | DISCUSSION

Within the scope of this article, we conceptualized a tunable hydrogel
approach to satisfy both biological and mechanical need for IVD
regeneration and restoration. Regeneration of the NP through cell-

mediated novel matrix deposition may benefit early degenerated
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FIGURE 4

(A) MSC viability post-extrusion through a 27 gauge needle remains high (acceptable viability level was set at 70%). (B) DNA

content of encapsulated NCs stays constant in all gels except stiff gels without dNCM. All n = 5. (C) Lactate production of cells decreases with
culturing time. All n = 5, average + SEM plotted. D) NC morphology in porcine NP (two images shown for reference), after encapsulating in PEG
gels (stiff gels - ANCM as example shown here) and after 14 days culture in the respective gel groups. NCs were encapsulated as single cells.
Cells with (*) and without vacuoles (arrowheads) can be seen at DO, while at D14 only small round cells remain. Scale bar: 50 um.

IVDs, whereas a mechanical restoration may take priority for more
advanced degenerated IVDs. A multitude of biomaterials have previ-
ously been developed for use in the IVD - one popular base material
for biomaterials for the IVD (and biomaterials in general) is PEG due
to its tune ability and biocompatibility. Several injectable PEG-based
hydrogels have also been approved by the FDA for various use cases,
but none for the IVD so far.>*

We chose to modify our PEG gels' stiffness by varying the cross-
linker concentration to address different therapeutic needs depending
on degeneration state of the IVD and its ability to deliver cells. The
resulting gels range from 0.2 to 5 kPa in shear stiffness, covering the
reported range of NC-rich porcine® and human NP stiffness.®¢3”
Importantly, crossover points for G’ and G” were > > 11% strain for
both gels and therefore exceeds the reported range for degenerated
IVDs.2® Both gels swell up to 150% of initial wet weight in free swell-
ing conditions. The soft gel seems to continuously swell over the

28-day period, potentially due to crosslink-degradation. Swelling is

one of the hallmarks of healthy NP tissue and IVD joint mechanics.®®
With their swelling potential both gels may restore swelling pressure
of the disc (assuming an intact annulus fibrosus), and therefore biome-
chanical joint function. Additionally, the stiff gel can assume stiff-
nesses close to that of the intended target tissue within the disc as
mentioned above, and therefore may aid in biomechanical restoration
of the joint in its non-swollen state.

The employed crosslinker was chosen to mimic slow degradation
under physiological conditions to promote a slow replacement of
hydrogel with newly deposited matrix within the IVD, as NP matrix
turnover takes months to years.'*®° Urethanes have been widely
reported in sustained drug release applications® as their degradation
is driven by hydrolysis and relatively slow.*® Within the timeframe
examined here, no degradation of the gels was found. Note that
urethane degradation leads to CO, release.***? CO, may dissolve in
the surrounding water-rich disc tissue after implantation, and hypotheti-

cally affect disc tissue pH through hydration into H,COs, and
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subsequent decomposition into H" and HCO3;~. However, due to the
long degradation timeframe and thereby low CO, concentration at
any one timepoint, as well as carbonic anhydrase production by
mature NP cells routinely employing CO, and HCO3; /H™ for acid-
base buffering,*>** the effect of CO, release from the gel onto local
disc pH is expected to be tolerable. Further studies on the hydrolysa-
ble PEG-crosslinker degradation would be beneficial to fully charac-
terize the gel presented here. A study by lJia et al. found no
degradation of their PEG-polyurethane hydrogels over 28 days,*®
indicating that also in our case gel degradation over the studied period
is unlikely. A future improvement on our gel concept could see the
use of ester-based degradable PEGs, but their degradation time frame
still ranges in the weeks?® rather than months. Substituting for a poly

dé d*”~*? crosslinker could also

(e-caprolactone)-based™ or peptide-base
be envisioned, but may affect mechanical and swelling properties
aversely.

In terms of clinical usability, the gel formulation provides ample
time for preparation and injection into the disc: gels formed within
10 min at neutral pH after mixing of all components and were stably
polymerized at 30 min. A dual syringe may be used if the envisaged
handling & injection time exceeds 10 min to delay component mixing
and circumvent injection difficulty (although fully formed gels are also
shear-thinning, i.e., injectable). Additionally, vinyl sulfone-thiol reac-
tions are pH dependent, and take longer with decreasing pH such as
found in the disc.’® In situ gelation within the disc is therefore
expected to take longer than described here due to lowered pH in the
degenerated disc: at pH 6.6 (lower than what is expected in
the degenerated disc), gelation in thiol-vinyl sulfone-
crosslinking-based hydrogels is ~10x slower compared to neutral
pH.51°2 Clinically, patients would therefore need to restrict their
movement as much as possible for circa 5 h after administration of
the gels described in our study to prevent leakage after injection.

While the PEG confers mechanical tunability and the
PEG-urethane crosslinker degradability, the encapsulated dNCM
serves as bioactive cargo in two ways: it provides cell attachment sites
through its collagen content, and also harbors bioactive factors, which
may act on the resident IVD cells. ANCM's anabolic effect onto NPCs
was recently demonstrated by us® and its release from the PEG-based
hydrogel may serve as a long-acting therapeutic intervention. Within
our gels, vinyl sulfone may react with accessible thiol groups on pro-
teins present in dNCM, thereby slowing release of bioactive factors
and potentially diminishing their effect especially with soft gels where
more free vinyl sulfone groups are present.>® To elucidate the remain-
ing bioactive effect of the encapsulated dNCM, future ex vivo or
in vivo studies are therefore needed.

In free swelling conditions, dNCM release was quicker from soft
gels compared to stiff gels. This can be explained by a smaller hydro-
gel mesh size (i.e., space between PEG-chains) for the stiff gels due to
their higher crosslinker amount, which limits diffusion (especially for
large molecular weight molecules, such as GAGs as found in dNCM).
Similarly, higher crosslinking density may explain the slightly lower
swelling ratio of stiff gels compared to soft ones.>* Interestingly,

swelling was not affected by osmolarity or pH of the culture medium

mimicking either healthy or degenerate disc conditions. This indicates
that gel swelling is mainly driven by interaction of water directly with
the gels' PEG backbone.>®> Maintenance of the swollen gel weight
over time despite dNCM effusion also agrees with this. Notably,
release of dNCM from gels may result in decreasing gel stiffness over
time in vivo, which may diminish the mechanical restoration facilitated
by the stiff gel. ANCM-mediated proliferation and matrix production
by disc cells however may off-set this loss in gel stiffness. Neverthe-
less, long-term animal studies in an appropriate model will be neces-
sary to elucidate the fate of the proposed gels and their long-term
effect onto disc mechanics.

In this study, we further investigated the potential of
dNCM-containing PEG gels for cell injection in general, and retaining
NC phenotype in particular. One of the most popular choices for cell-
mediated disc regeneration is usage of human mesenchymal stromal

I°° and clinical studies.® In line with this,

cells (MSCs) in both preclinica
we here demonstrate viability >80% of MSCs encapsulated within
dNCM-+PEG gel formulations at different concentrations post-
extrusion through a 27 G needle, rendering this a viable future
research avenue.

NCs have been investigated for their growth-factor containing
vesicles and their use in regenerative medicine, especially the IVD
field.*®°%7 Here, we encapsulated NCs to examine their further use
in cell transplantation in the tunable dANCM+PEG gels for additional
biological regeneration of the disc. Based on the DNA content mea-
sured per gel, NCs may survive better in softer gels compared to stif-
fer gels, where dNCM may have a slight compensatory effect over the
two week culture time. Contrary to DNA measurements, lactic acid
within the medium supernatant decreases over time, indicating cessa-
tion of metabolic activity. NCs are known for their sensitivity in vitro,
and optimized cell-culture setups have been established specifically
for retaining NC phenotype, but these do not reflect the in situ condi-
tions we examined here. It is also known that NCs lose their pheno-

2526 and lose

type on stiff substrates quicker compared to soft ones,
their phenotype when encapsulated.”® In general cells tend to prefer
encapsulation within softer gels compared to stiffer ones with high

t.>? Currently, there is no consensus on definitive

macromere conten
NC and NPC markers for for example, quantitative polymerase chain
reaction or immunohistochemistry  stainings, hindering a
straight-forward characterization of our cells at D14.°° The overall
loss of vacuoles however points to a loss of NC phenotype and poten-
tial differentiation toward NPC-like cells. In the context of disc regen-
eration strategies this might imply that no anabolic growth factors
would be released by the encapsulated cells to act on resident IVD
cells. Longer culturing time frames could detect potential matrix depo-
sition by the encapsulated cells, which at D14 is expected to be mini-
mal (also considering their metabolic activity found in this study).
Further improvements on NC phenotype retention within our gels
could see the encapsulation of NC clusters, not single cells, as this has
been found to be beneficial for NC survival and phenotype mainte-
nance.®1%2 Their effect onto in situ IVD cells will need to be assessed
in upcoming ex vivo/in vivo trials. For clinical translation, a further

investigation into iPSC-derived NC- or NPC-fate within our gels
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would be beneficial, as patient-derived reprogrammed NCs/NPCs
present a new avenue for cell-mediated IVD regeneration. Previ-
ously published protocols however are low in yield,*>** which is
why we opted for using primary NCs as an attainable alternative.
Porcine NCM has been reported to increase NC-markers in iPSC-
derived NC-like cells®®; an encapsulation within our soft dNCM
+PEG gel may therefore be a novel approach for tackling early disc
degeneration. Extensive phenotypic and functional characterization
of the iPSC-derived NCs for extended period of culture within the
gels and in explant culture models are needed to demonstrate the
potential of the developed dANCM+PEG gels.

5 | CONCLUSION

With the approach developed here, potentially patient groups with
either early or late IVD degeneration may be satisfied with our tun-
able hydrogel system. By varying the concentration of crosslinker
within our gel, we may obtain gels with a wide range of stiffnesses
suitable for either injection and cargo/cell delivery into the disc for
biological regeneration, or mechanical restoration via PEG-swelling

and overall gel stiffness.
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