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Degeneration of the intervertebral disc (IVD) is associated with significant biochemical and morphological
changes that include a loss of disc height, decreased water content and decreased cellularity. Cell delivery
has been widely explored as a strategy to supplement the nucleus pulposus (NP) region of the degener-
ated IVD in both pre-clinical and clinical trials, using progenitor or primary cell sources. We previously
demonstrated an ability for a polymer-peptide hydrogel, serving as a culture substrate, to promote adult
NP cells to undergo a shift from a degenerative fibroblast-like state to a juvenile-like NP phenotype. In
the current study, we evaluate the ability for this peptide-functionalized hydrogel to serve as a bioac-
tive system for cell delivery, retention and preservation of a biosynthetic phenotype for primary IVD cells
delivered to the rat caudal disc in an anular puncture degeneration model. Our data suggest that encap-
sulation of adult degenerative human NP cells in a stiff formulation of the hydrogel functionalized with
laminin-mimetic peptides IKVAV and AG73 can promote cell viability and increased biosynthetic activity
for this population in 3D culture in vitro. Delivery of the peptide-functionalized biomaterial with primary
rat cells to the degenerated IVD supported NP cell retention and NP-specific protein expression in vivo,
and promoted improved disc height index (DHI) values and endplate organization compared to untreated
degenerated controls. The results of this study suggest the physical cues of this peptide-functionalized
hydrogel can serve as a supportive carrier for cell delivery to the IVD.
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Statement of significance

Cell delivery into the degenerative intervertebral disc has been widely explored as a strategy to supple-
ment the nucleus pulposus. The current work seeks to employ a biomaterial functionalized with laminin-
mimetic peptides as a cell delivery scaffold in order to improve cell retention rates within the intradiscal
space, while providing the delivered cells with biomimetic cues in order to promote phenotypic expres-
sion and increase biosynthetic activity. The use of the in situ crosslinkable material integrated with the
native IVD, presenting a system with adequate physical properties to support a degenerative disc.

© 2021 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

The nucleus pulposus (NP) of the intervertebral disc (IVD)
has been observed to undergo significant biological, physical, and
biochemical changes with ageing, maturation, injury and disease
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[1-7]. As disc degeneration progresses, changes in matrix compo-
sition and tissue cellularity have been reported [6,8-12]. Loss of
glycosaminoglycans, changes in extracellular matrix composition,
and altered biosynthetic activity all play a role in tissue degenera-
tion, often leading to structural issues at longer length scales such
as disc dehydration, tissue stiffening, loss of disc height, and ulti-
mately altered tissue biomechanics [2,3,13-15].

Because the disc has inherently little capacity for self-repair due
to low vascularization and nutrient supply, and more importantly
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the low native cell density found within the NP, various strategies
have been investigated towards the goal of disc height restora-
tion through NP supplementation [16-23]. A number of acellular
materials-based approaches have been developed with the goal of
providing mechanical support to the spine and/or stimulating the
resident NP cells to alter protein expression and biosynthetic activ-
ity [16,24-26]. Although these strategies are attractive due to the
lack of a cellular component, acellular techniques rely on an inter-
action between the residing NP cells and the hydrogel for promot-
ing tissue integration and biosynthetic activity [24]. This may be
problematic due to the relatively low cell density of the NP [4,23].
Alternatively, cell delivery approaches seek to treat degeneration
by supplying an active cell population into the intradiscal space
[27-29]. While effective at promoting an increase in biosynthetic
activity, cells delivered without a carrier may be short-lived within
the disc space, with studies suggesting that carrier-free cell deliv-
ery can lead to as much as 90% of the delivered cells leaking out of
the disc [27,28,30-32]. It is further useful that the cells be deliv-
ered into the disc in a carrier that is able to provide biological and
environmental cues that support cell viability and retention of IVD
cell phenotypes. Biomaterials of low stiffness (<1 kPa) have been
previously demonstrated to support greater biosynthesis and main-
tenance of the NP-specific cell phenotype [8,33,34] for primary NP
cells in culture, giving evidence of an ability for environmental
cues such as physical stiffness to regulate NP cell phenotype. How-
ever, biomaterials serving as cell carriers should be of sufficient
stiffness that they prevent cell motility and integrate with the na-
tive tissue, with some potential to contribute mechanical support
to the disc. Non-optimal carriers may enable cell leakage from the
carrier or induce the cells towards other phenotypes which could
either limit the regenerative process, or else, contribute to the de-
generative cascade [35]. A desirable strategy for cell-supplemented
materials is to promote re-cellularization of the NP while enabling
an ability to present bioactive and environmental factors that can
promote cell viability, metabolism and synthesis of extracellular
matrix [26,36].

A number of studies have used biomaterials with adhesive do-
mains such as collagen or hyaluronan for cell delivery into the IVD
[26,37,38]. However, only few studies - as little as 5% of the mod-
ified biomaterials reported in the literature - have demonstrated
a significant biological effect associated with specific cell-adhesive
motifs [39]. The use of biomaterials capable of eliciting biological
changes due to peptide-functionalization, in addition to enabling
cell delivery and promoting cell retention, may provide transla-
tionally meaningful outcomes in the treatment of disc degener-
ation. In previous work, we developed a peptide-functionalized
poly(ethylene glycol) (PEG)-based hydrogel system functionalized
with the laminin-mimetic peptides AG73 and IKVAV [40]. We en-
gineered a hydrogel formulation to be of similar stiffness to the
degenerative NP (15% PEG w/v, ~10 kPa) and had it benchmarked
against a soft hydrogel functionalized with full length laminin-111
protein (4% PEG w/v, ~500 Pa) that has been shown to provide en-
vironmental and biological cues supportive of increasing NP cell
biosynthesis and maintenance of NP-specific markers [33,34,40,41].
For studies of adult degenerative NP cells cultured in 2D, our data
suggested that peptide density could be controlled in order to in-
hibit focal adhesion formation and regulate cell morphology, pro-
moting desirable degrees of bioactivity, gene expression, and pro-
tein deposition that emulate the Behavior of cells cultured atop
the soft, full-length-laminin functionalized hydrogel [8,34,40]. In
the present study, we sought to examine the potential for the stiff
PEG hydrogel system, functionalized with laminin-mimetic pep-
tides at lower density, to be used as a 3D system for encapsula-
tion and culture of human adult degenerative IVD cells in vitro.
We further evaluate the ability of this platform to restore pa-
rameters of the non-degenerative IVD following injectable deliv-
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ery of encapsulated primary NP cells into rat caudal discs follow-
ing degeneration induced via a surgical puncture model [29,42—
47]. The results suggest that the stiff, low-peptide density func-
tionalized hydrogel promoted bioactivity and matrix synthesis sim-
ilar to that of a soft PEG hydrogel functionalized with full-length
laminin for human IVD cells encapsulated in 3D during in vitro cul-
ture. Primary rat IVD cells delivered to the discs via the peptide-
functionalized hydrogel remained viable for 8-weeks following in-
jection and demonstrated deposition of new matrix and expression
of NP-specific protein biomarkers. Furthermore, implantation of the
cell-laden peptide-functionalized hydrogels into the degenerative
disc space demonstrated improvements in disc height indices and
degeneration-induced alterations to the endplates as compared to
untreated controls.

2. Methods
2.1. NP cell isolation

For in vitro cell culture experiments, primary adult human NP
cells (33 y/o male, 49 y/o female, 30 y/o male, and 68 y/o fe-
male) were isolated as previously described [40,48]. Briefly, to-be-
discarded tissue from patients undergoing surgical treatment for
degenerative spine conditions was collected, and age and sex infor-
mation was gathered for experimental purposes; grade of pathol-
ogy and vertebral level remained unknown. For cell isolation, NP
tissue was identified and placed for 2-4 h at 37 °C and 5% CO, in
digestion medium containing 0.4% type 2 collagenase (Worthing-
ton Biochemical, Lakewood, NK) and 0.2% pronase (Roche, Basel,
Switzerland). Following, the digestion medium was centrifuged for
10 min at 400 rcf to pellet the cells, and the medium was aspi-
rated. Cells were resuspended in PBS and then passed through a
70 pm filter. The flowthrough was again centrifuged for 10 min at
400 rcf, and the resulting cell pellet was resuspended in Ham’s F12
medium (Thermo Fisher Scientific, Waltham, MA), supplemented
with 10% foetal bovine serum (FBS) and 1% penicillin-streptomycin
(P/S) and cultured in monolayer. Cells were used up to passage 4,
as little effect in cell phenotype has been characterized in cells up
to this passage number [49].

For in vivo studies of NP cell delivery to the intradiscal space,
rat NP cells were harvested from caudal discs of male Sprague-
Dawley rats (16-20 weeks old, n = 8). In brief, spines were iso-
lated immediately following sacrifice. Discs were bisected using a
size 11 surgical blade, and the NP tissue was extracted. Rat NP cells
were then isolated by placing the tissue in digestion medium con-
taining 0.2% type 2 collagenase (Worthington Biochemical, Lake-
wood, NK) and 0.3% pronase (Roche) for 2-4 h at 37 °C and 5%
CO,. The digestion medium was similarly washed and filtered as
described above. Isolated cells were resuspended in Ham’s F12
medium (Thermo Fisher Scientific), supplemented with 10% foetal
bovine serum (FBS) and 1% penicillin-streptomycin (P/S) and cul-
tured in monolayer. Rat NP cells were used between passages 1
and 4.

2.2. Hydrogel preparation and in vitro 3D NP cell culture

Maleimide terminated 8-arm star poly(ethylene glycol) (PEG-
8MAL, MW 20 K, Creative PEGWorks, Durham, NC) was first dis-
solved in Ham’s F12 cell culture media supplemented with 1%
P/S. Lyophilized, cysteine terminated IKVAV and AG73 peptides
(full sequences for IKVAV and AG73: CSRARKQAASIKVAVSADR, and
CGGRKRLQVQLSIRT respectively, GenScript, Piscataway, NJ) were
likewise dissolved in F12 + 1% P/S. A maleimide-thiol Michael-
type addition reaction was employed both for peptide conjuga-
tion and hydrogel formation [50,51]. Peptide solution was added
to the PEG-8MAL at either 100 or 400 pM total peptide using
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equimolar amounts of IKVAV and AG73 in order to couple pep-
tides to the PEG-8MAL backbone. A small PEG-dithiol (SH-PEG-
SH, MW 600, Creative PEGWorks) crosslinker was dissolved in
F12 + 20% FBS + 1% P/S. Primary degenerative adult human NP
cells were then suspended in the PEG-dithiol solution at a density
of 2.5 x 106 cell/mL. The cell-containing di-thiol crosslinker mix
was immediately added to the peptide-functionalized maleimide
in wells of a round-bottom 96 well plate to initiate hydrogel
formation. Soft PEG-LM constructs were similarly fabricated fol-
lowing previously established protocols [33,52]. Briefly, full-length
laminin-111 (LM111, Trevigen, Gaithersburg, MD) was first PEGy-
lated with acrylate-PEG-N-hydroxysuccinimide (Ac-PEG-NHS, MW
10 kDa, CreativePEGWorks, Winston Salem, NC), dialyzed against
0.1 M sodium bicarbonate buffer, and diluted to 2 mg/mL. The PE-
Gylated laminin was then added to PEG-8Ac (4% PEG w/v), and
a small PEG-dithiol (SH-PEG-SH, MW 600) crosslinker was added
to promote hydrogel formation [33]. Constructs were cultured at
37 °C and 5% CO, for 4 days.

2.3. Cell viability, biosynthetic activity, and matrix deposition

Following 3D in vitro cell culture of NP, cell viability was
surveyed using a live/dead cell viability kit following manufac-
turer’s protocol (Invitrogen, Carlsbad, CA). To assay biosynthetic
activity and matrix deposition, a functional noncanonical amino-
acid tagging approach was employed [53,54]. Briefly, 3D cell-
containing hydrogels were made as described above and cultured
in L-methionine free DMEM (Gibco, ThermoFisher, Waltham, MA)
supplemented with 100 pM L-azidohomoalanine (AHA, ClickChem-
istryTools, Scottsdale, AZ). Cell-gel constructs were cultured for 4
days at 37 °C and 5% CO,. After 4 days, the media was replaced
with L-methionine free DMEM supplemented with 30 pM of the
AHA-binding secondary DBCO-488 (ClickChemistryTools), and in-
cubated for 45 min at 37 °C and 5% CO,. The constructs were
then washed with PBS 3 times and fixed for 12 min using 4%
paraformaldehyde (PFA). Following, cells were stained with Alexa-
conjugated phalloidin 633 (1:250, Invitrogen) to visualize cell bod-
ies, and counterstained with DAPI (2 pg/mL, Sigma-Aldrich, St.
Louis, MO) to visualize nuclei. Overlaying the phalloidin chan-
nel with the AHA channel allowed for the measurement of intra-
cellular AHA presence, which was used as a measure of biosyn-
thetic activity. Five independent ROIs were outlined for each pa-
tient, and cells were visualized via confocal microscopy (SPE DM6,
Leica Microsystems Buffalo Grove, IL). Extracellular AHA presence
was used as a measure of matrix deposition and was calculated

Vol Vol ) ]
as ~Marin SOUTECell with volumes being calculated from 3D re-
Cell

constructions of z-stacks using a voxel counter plugin for Fiji. Actin
fiber alignment was quantified using the Orientation] plugin in Fiji,
where an output of one indicates strong fiber alignment, and an
output of zero indicates anisotropic fiber orientation.

2.4. Immunocytochemistry

3D cell-laden hydrogel constructs were immunostained with
markers selected following recommendations from the Spine Re-
search Interest Group [55]. Following culture, whole constructs
were fixed in 4% PFA for 12 min, rinsed with 1X PBS (+Ca, +Mg)
twice for 10 min each, and permeabilized with 0.2% TritonX-100
(Sigma-Aldrich). Constructs were blocked with 3.75% bovine serum
albumin (MilliporeSigma, Burlington, MA) and 5% goat serum
(Thermo Fisher Scientific), and immunolabeled with mouse-anti-
N-Cadherin (1:150, Sigma-Aldrich), rabbit-anti-BASP1 (1:150, Ab-
cam, Cambridge, United Kingdom), goat-anti-noggin (1:150, Santa
Cruz Biotechnology, Dallas, TX), or Alexa-conjugated phalloidin
(1:250, Invitrogen). Concentration-matched isotype controls were
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used for each antibody. Species-matched AlexaFluor™ (Invitro-
gen) secondary antibodies were applied using a dilution of 1:250,
and cells were counterstained with DAPI (2 png/mL, Sigma-Aldrich).
Mean fluorescence intensity was measured for individual ROIs
across conditions and normalized to MFI values of the isotype con-
trols to account for non-specific background signal.

2.5. Gene expression

Gene expression was assayed using qPCR on an Applied
Biosystems™ StepOnePlus™ Real-Time PCR System (Software v2.3,
Foster City, CA) for a subset of targets associated with the NP
cell phenotype [55]. Briefly, 3D cell laden-scaffolds containing
2.5 x 105 cells/mL primary adult human NP cells were homog-
enized using RLT buffer (Qiagen, Hilden, Germany) +1% mercap-
toethanol in a BioSpec Mini-Beadbeater-24 bead beater (BioSpec,
Bartlesville, OK) at 3000 rpm using 2 mm diameter zirconia beads
(BioSpec), and stored at —80 °C until ready for RNA isolation. RNA
was isolated using the QIAGEN™ Mini kit following manufacturer
instructions (Qiagen). RNA concentration and purity were deter-
mined using the 260/280 ratio quantified via a NanoDrop™ sys-
tem (ThermoFisher Scientific). RNA was converted to cDNA us-
ing the iScript cDNA Synthesis Kit (BioRad, Hercules, CA). RT-qPCR
was used to detect amplification of aggrecan (ACAN), collagen 2
(COL2A1), N-Cadherin (CDH2), glucose transporter 1 (GLUT1), con-
nective tissue growth factor (CTGF), brain associated soluble pro-
tein 1 (BASP1), integrin a6 (ITGa6), and collagen I (COL1A1) (Sup-
plementary Table 1, Applied Biosystems) by reporting 224t with
the first A being normalization of the transcripts for each target
gene to housekeeping genes 18S and GAPDH, and the second A be-
ing the difference between normalized expression for PEG-peptide
hydrogel culture and soft PEG-LM positive control [8,33,34].

2.6. In vivo disc puncture model

All animal work was done with approval by the Washing-
ton University Institutional Animal Care and Use Committee. Male
Sprague-Dawley rats (n = 12, 10-12 weeks old, Charles River Labo-
ratories, Wilmington, MA) were co-housed (two rats per cage) and
allowed to acclimate for one week. On the day of surgery, rats
were anesthetized under 1.5-3% isoflurane + 1-2% O, and a sub-
cutaneous injection of carprofen (5 mg/kg) [44] was administered
prior to the start of the procedure. Caudal discs (C5-C8) were ex-
posed with a ~4 c¢m incision on the ventral plane of the tail using
a size 21 blade to expose the disc levels from C5 to C8. The C5-
C6 and C7-C8 discs of all rats were punctured to a depth of 3 mm
using a 27 G needle; discs at the C6-C7 level were left without a
puncture to serve as the sham control [45]. The incision was then
closed using 4-0 nylon sutures. Animals were allowed to recover
and returned to co-housing and free ambulatory activity. Food and
water were available ad libitum, and the rats were kept under a
12/12 light/dark cycle and with a constant room temperature of
21 °C £+ 1. Chewable carprofen tablets (dosage of 5 mg/kg) were
administered daily for 4 days following surgery. The rats were then
monitored for two-weeks post-surgery while allowing for the pro-
gression of acute disc degeneration [45,56].

2.7. Cell-laden hydrogel and cell suspension delivery

Following the two-week recovery period, rats were anesthetized
using 1.5-3% isoflurane + 1-2% O, to expose the caudal IVDs
as previously described. Discs C5-C6 received either cell-laden
hydrogel or cells-only. For the cell laden hydrogel, one Hamil-
ton syringe (Hamilton Company, Reno, NV) contained 5 pL of
the peptide-functionalized PEG-8MAL solution, and a second sy-
ringe contained 5 pL of the PEG-dithiol crosslinker prepared with
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luciferase-expressing rat NP cells at 5 x 106 cells/mL. Both vol-
umes were delivered through a 25 G needle inserted in the left
and right aspects of the target IVD (Fig. 5). The needles were left
in the disc for 10 s to allow for gel formation and minimize gel ex-
trusion from the disc space. Following mixing and in situ crosslink-
ing, the final cell density delivered was thus 2.5 x 10°% cells/mL,
on the lower range of the estimated cell density in the native IVD
(~5 x 106 cells/mL 4). A 25 G needle was used for polymer delivery
to overcome viscosity issues at smaller gauges. The cell-only condi-
tion was likewise administered, with one injection containing the
cell suspension and the second injection containing media alone.
Discs at the C6-C7 level remained unpunctured to serve as sham
controls; discs C7-C8 were punctured an additional two times us-
ing a 25 G needle in order to mimic hydrogel delivery conditions
without delivering cells or gel. Tail incisions were then closed with
4-0 sutures, and the rats were allowed to recover, receiving chew-
able carprofen tablets (dosage of 5 mg/kg) daily for 4 days. Rats
were sacrificed at two different time points, with the first cohort
sacrificed one week following hydrogel delivery (t = 1 week), and
the second cohort sacrificed eight weeks following hydrogel deliv-
ery (t = 8 weeks).

In order to track cell viability and retention of the delivered
cells in vivo, rat NP cells were first isolated from multiple caudal
discs of Sprague-Dawley rats as described above. Cells were pooled
from multiple rats (n = 8) passaged once and expanded to ensure
adequate cell numbers. Following, cells were plated at a density of
500,000 cells/well in wells of a 6 well plate in 2 mL transduction
media containing 10% FBS, 4 pg/mL polybrene (hexadimethrine
bromide, Sigma Aldrich), and 4 pL of the concentrated lentiviral
plasmid (titer 5.5 x 108) containing a luciferase reporter upstream
of the constitutive EF1 promoter (Plasmid #21,375, Addgene, Wa-
tertown, MA). Cells were cultured in the transduction media for
20 h, rinsed twice with 1X PBS, and then culture media (F12 + 10%
FBS + 1% P/S) was added to the wells. Cells were allowed to
recover for at least 24 h. Transduction efficiency was tested by
staining with a rabbit-anti-firefly luciferase antibody (Abcam) and
quantifying positively labeled cells via flow cytometry (Guava easy-
Cyte flow cytometer, Millipore Sigma). Cells were measured to be
efficiently transduced with the LV-EF1-luc containing vector (81%
positive cells).

2.8. Tissue harvesting, uCT, and histology

At one- and eight-weeks post hydrogel delivery, rats were sac-
rificed and the caudal spines were immediately excised. The mus-
cle and tail tendons surrounding the spine were removed, the
spines were rinsed in 1X PBS, and then placed in 4% PFA for 48 h
with gentle rocking at 4 °C (replaced once after 24 h). Follow-
ing, the tails were analyzed under puCT using a Bruker SkyScan
1176 (Bruker Corporation, Billerica, MA) at 60 kV, 417 pA, and
65 ms exposure. Disc Height Index (DHI) was calculated by DHI =
%, where ay are the measurements of disc height
across 3 different points, and Bx are the measurements of the
bounding vertebral bodies at three points [57]. Endplate degener-
ation grading was done as suggested by Ishiguro and co-workers
on a scale of 0-3, where 3 corresponds to no evidence of end-
plate pathology, and O corresponds to severe pathology as ob-
served by substantial presence of endplate irregularities and fo-
cal defects [7,29]. Following puCT imaging, discs were processed
for histological sectioning. Whole spines were first decalcified in
14% (w/v) EDTA pH 7.2 for 7 days at 4 °C with gentle rocking,
then cut into individual motion segments and decalcified for an
additional 7 days in fresh 14% EDTA [58]. Following, motion seg-
ments were cryoprotected in 30% sucrose (24 h, 4 °C), embedded
in OCT, snap-frozen in liquid nitrogen and stored at —80 °C until
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sectioning. Histological sections were taken in the coronal plane at
a thickness of 20 pm to preserve hydrogel integrity and prevent
gel tearing. In order to measure effective cell localization as well
as cell retention within the IVD space following cell-laden hydrogel
delivery, sections were stained with a rabbit-anti-luciferase in or-
der to visualize and identify the LV-luc transduced cells delivered
to the discs. For qualitative analysis of histological sections, discs
were stained with 0.1% safranin-O, 0.02% fast green, and haema-
toxylin, then overlaid with Permount and coverslipped for imag-
ing. For qualitative study of the phenotypic state of the delivered
NP cells, sections were stained with a mouse-anti-N-Cadherin (Ab-
cam), rabbit-anti-BASP1 (Abcam), or rabbit-anti-integrin a6 (Ab-
cam). Sections were counterstained with DAPI for visualization of
cell nuclei.

3. Statistical analysis

Statistical analyses were conducted using one-way ANOVA to
test for evidence of differences amongst groups unless otherwise
noted. All data are expressed as mean =+ standard deviation. Anal-
yses were conducted prior to log transformation in qPCR datasets
to better satisfy the normality assumption. Gene expression lev-
els were compared between groups by performing t-tests on delta-
Ct values as described above. For comparison of treatment groups
in vivo, one-way ANOVA with Holm-Sidak’s multiple comparisons
tests were employed, and conducted independently for each time-
point. All statistical analyses were 2-sided, and conducted at sig-
nificance levels of p < 0.05.

4. Results

4.1. Stiff low-peptide functionalized density hydrogels promote cell
viability and biosynthetic activity in human NP cells following 3D
culture in vitro

Significantly higher cell viability was observed in the stiff low-
peptide density (15% 100 uM), stiff-high peptide (15% 400 uM),
and soft PEG-laminin (4% PEG-LM) gels than the nonfunctional-
ized stiff hydrogel control, although there was no evidence of dif-
ferences amongst the functionalized systems (Fig. 1A). All func-
tionalized systems exhibited significantly higher biosynthetic ac-
tivity than the stiff non-functionalized control, with the soft PEG-
LM gel exhibiting significantly higher rates of biosynthesis than
all other conditions (Fig. 1B,D). Soft PEG-LM as well as stiff low-
peptide constructs demonstrated significantly higher amounts of
extracellular protein deposition than both the stiff-high peptide
system and nonfunctionalized controls (Fig. 1C, Supplementary Fig.
1). Evidence of vacuolation could also be observed in cells cultured
within the soft PEG-LM and stiff low-peptide density systems (Sup-
plementary Fig. 2).

4.2. Stiff low-peptide functionalized systems promote increased
protein deposition and similar gene expression profiles as soft
PEG-LM gels for cells in 3D culture in vitro

The stiff low-peptide density hydrogel demonstrated the high-
est expression of N-Cadherin and noggin of all substrates stud-
ied, along with higher proportions of cells expressing these pro-
teins (Fig. 2A,B,D). No difference in expression or in proportions
of cells expressing BASP1 were measured between the stiff low-
peptide and soft PEG-LM substrates, although these were sig-
nificantly higher than both the stiff-high and nonfunctionalized
groups (Fig. 2C,D).

The soft PEG-LM gel has previously been demonstrated to pro-
mote expression of NP cell phenotypic markers including ACAN,
BASP1, CDH2, and GLUT1 in adult human NP cells following 2D
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Fig. 1. Functionalized systems support cell viability and biosynthetic activity following 3D culture. (A) Cell viability as quantified by Live/Dead assay. No statistical differences
were found in percent viable cells between functionalized substrates, but all were different from nonfunctionalized controls. (B,C) Biosynthetic activity and matrix deposition
as measured via functional non-canonical amino acid tagging (FUNCAT) approach shows that both the stiff low peptide and soft PEG-LM substrates promote increased protein
production compared to the stiff high peptide and nonfunctionalized controls, with PEG-LM demonstrating the highest biosynthetic activity. (D) Representative images of
FUNCAT. For all plots, cells from n = 5 independent ROIs for each of n = 4 human samples, ages 30-68, both sexes, were measured. Scale bar is 20 um. Statistical test for all
parameters was a one-way ANOVA with Holm-Sidak’s multiple comparison’s test. Same letter denotes no significance, while different letters denote differences at p < 0.05.

and 3D culture [8,33,34]. Therefore, expression profiles of NP cells
encapsulated in the stiff low-peptide functionalized gels was com-
pared to cells cultured within soft PEG-LM gels. Gene expression
profiles were not surveyed for nonfunctionalized and stiff-high
peptide density groups due to their observed low protein expres-
sion and increased morphological differences resembling those of
a more fibroblast-like phenotype (Supplementary Fig. 3). We ob-
served gene expression of ACAN and CTGF was reduced by the stiff
peptide-functionalized gels compared to soft PEG-LM (Fig. 2E). In
contrast, CDH2 expression was significantly increased by the stiff
low- functionalized gels compared to soft PEG-LM. The data fur-
ther demonstrated trends towards increased expression of GLUT1
and BASP1 without evidence of statistical significance, and similar
expression levels of COL2A1, ITGA6, and COL1A1 between the two
hydrogels tested (Fig. 2E).

4.3. Cell laden stiff low-peptide functionalized hydrogel delivery into
the rat intradiscal space in vivo promotes improved DHI and
endplate structure

Based on the in vitro findings that the stiff low-peptide func-
tionalized hydrogels supported cell viability and biosynthetic ac-
tivity at levels similar to or greater than the pro-phenotypic soft
PEG-LM, only the stiff low-peptide density system was studied
as a cell carrier for delivery into the degenerative IVD. Signifi-
cantly greater values for disc height index (DHI) were observed
in cell-laden hydrogel treated discs compared to the punctured
non-treated controls at both the 1-week and 8-week timepoints,
and for the cell-only group at the 8-week timepoint (Fig. 3A,B).
However, the cell-laden hydrogel delivery group did exhibit signif-
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icantly lower DHI's compared to the sham (non-punctured) con-
trols. pCT imaging further revealed differences in endplate struc-
ture between the conditions (Fig. 3A,C). Semi-quantitative grad-
ing of the endplates [29] suggested improved endplate scores in
the cell-laden hydrogel treatment group compared to the punc-
tured controls and the cell-only treatment at chronic timepoints.
The puncture and cell-only conditions exhibited significant degrees
of tissue disruption, anisotropy, and focal defects, which were less
pronounced in either the sham or the cell-laden hydrogel groups
(Fig. 3A,C).

4.4. Cell-laden hydrogel delivery promotes improved disc phenotype

Increased presence of luciferase+ cells in the cell-laden hydro-
gel delivery condition confirmed effective delivery and retention
of rat NP cells into the intradiscal space (Supplementary Fig. 4).
Discs from the puncture and cell-only groups exhibited disorga-
nized endplates with irregularities and focal defects, reduced AF
organization, and fibrotic changes to the NP at both time points
(Figs. 3A and 4A). Furthermore, histology suggested a decrease in
cellularity within the central region of the punctured non-treated
discs, and little cell retention in the cell-only controls (Fig. 4, Sup-
plementary Fig. 4). By contrast, endplates in the discs from the
cell-laden hydrogel delivery group at both time points exhibited
organized structures and more closely resembled the endplates
from the sham group than those of the punctured discs. Further-
more, while alterations in AF organization can be observed (likely
as a result of the initial puncture insult), distinct lamella remain
observable in the cell-laden hydrogel treated group at both time-
points. Lastly, the cell-laden hydrogel delivery group at the 8 week
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Fig. 2. Stiff low peptide and soft PEG-LM systems promote increases in protein expression. Cells cultured within stiff low peptide density hydrogels expressed significantly
higher levels of N-Cadherin (A,D) and noggin (B,D) than any other substrate, and significantly higher amounts of BASP1 (C,D) than both the stiff non-functionalized (control)
and stiff-high density substrates though no different than the soft PEG-LM. Stiff low peptide system further suggests higher proportions of cells expressing all of these
proteins than either the stiff high peptide and stiff non-functionalized system as shown by the pie-chart insets. (E) Survey of gene expression profiles comparing the stiff-
low peptide to the soft PEG-LM control. For A-C, n > 60 ROIs from n = 4 human samples, ages 30-68, both sexes. Statistical tests for protein expression values were one-way
ANOVAs with Holm-Sidak’s multiple comparison’s test. Same letter denotes no significance between conditions, different letter denotes p < 0.05. Scale bar is 50 pm. For (E)
statistical tests were t-tests of the AAC; values comparing the stiff low peptide to the soft PEG-LM for each gene. * is p < 0.05, ** is p < 0.01.

time point demonstrated increased Safranin-O staining within the
central region of the disc, which was not observed in the punc-
tured controls at either time point, nor in the hydrogel delivery
group at the one week time point. This may be indicative of cell vi-
ability and biosynthetic activity throughout the course of the study,
although it may further suggest a longer time required for cells to
adapt to their microenvironment following in vivo delivery. Histo-
logical assessment of the sham discs demonstrated tissue organi-
zation and structure consistent with healthy IVDs.
Immunostaining for BASP1, N-Cadherin, and integrin o6 re-
vealed protein presence in both the sham control as well as the
hydrogel treated NP regions, while little staining was observed in
the punctured NP sections (Fig. 4B). Notably, cellularity appeared
strongly reduced in the punctured conditions, potentially playing
a role in the apparent decrease in protein expression in these tis-
sues. Although trends suggesting higher protein expression in the
cell-laden hydrogel group than in the puncture group were ob-
served at both time points, the relative protein expression in the
cell-laden hydrogel conditions appeared qualitatively higher at the
8-week time point than the 1-week time point, particularly with
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respect to expression levels of integrin 6 and N-Cadherin (Sup-
plementary Fig. 5). These observations may be further suggestive of
cells needing a recovery period following intradiscal delivery prior
to recovering a biosynthetic phenotype.

5. Discussion

In prior work, full-length laminin-functionalized soft bioma-
terials were observed to promote shifts in expression of a
panel of markers associated with the juvenile NP cell phenotype
[8,33,34,59]. While attractive as a bioactive material, this approach
poses difficulties due to the size and complexity of the full-length
protein [34,60]. Use of laminin-mimetic peptides offers advantages
in terms of increased specificity for cell engagement and ligand-
receptor interactions, and spatial control over ligand presentation
[40,48]. Furthermore, development of stiff biomaterials may be fa-
vorable for in vivo delivery due to the increased mechanical sup-
port to the disc. While materials made from native proteins such
as collagen and hyaluronan present cell adhesive ligands that may
support NP cell function, these materials suffer from a dependence
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Fig. 3. Radiographic evaluation of the coccygeal spine. (A) uCT scans of the discs show significantly higher disc height index (DHI) in the hydrogel delivery conditions
compared to the punctured non treated discs. (B) At both the 1 and 8 week timepoints, DHI in cell-laden hydrogel delivery conditions compared to sham discs is significantly
lower, although both DHI and endplate scores (C) in hydrogel delivery conditions are either trending towards or significantly higher than those in the punctured non treated
control and cell-only conditions. n = 6 rats per condition per timepoint. Scale bars in A are 2 mm. Statistics for B and C were one-way ANOVAs with Holm-Sidak’s multiple

comparisons test. * p < 0.05, ** p < 0.01, *** p < 0.001, ****p < 0.0001.

on full-length proteins as does our earlier work with laminins.
Other groups have used peptide-functionalized materials such as
the VitroGel 3D RGD modified hydrogel or the synthetic Py; pep-
tide:GAG self-assembling hydrogels to facilitate cell delivery and
promote tissue repair [61,62]. The tunability of these synthetic sys-
tems provides the ability to independently control modalities such
as adhesive domain selection, availability, and spatial presentation.
The current system further builds upon these findings by engag-
ing integrin- and syndecan-binding domains, the co-presentation
of which has previously been demonstrated to promote synergistic
adhesive effects and to have significant effects on NP phenotypic
modulation [40]. As such, in the present study we examined the
potential for a stiff dual peptide-functionalized hydrogel to be used
as a cell-carrier for delivery into the degenerative intradiscal space
in order to increase disc height and promote cell matrix deposition
and tissue integration.

In 3D in vitro culture, all functionalized biomaterials tested ap-
peared to promote similar degrees of cell viability, although the
stiff biomaterial functionalized with a high peptide density was ob-
served to have significantly lower biosynthetic activity than both
the stiff low-peptide and soft PEG-LM systems. Lower degrees of
protein expression were further observed in the stiff-high peptide
density system than either the stiff low-or soft PEG-LM, which is
likely associated with the observed changes in biosynthetic activ-
ity. Cells cultured within the stiff low-peptide functionalized gels
exhibited the highest protein expression of N-Cadherin (important
for regulating cell-cell interactions [63]) and noggin (important in
notochordal patterning [64]) among all substrates studied, and ex-
hibited expression levels of BASP1 that were similar to that seen
in the soft PEG-LM positive controls. An unexpected observation
was the formation of cytosolic vacuoles in 3D culture of adult hu-
man NP cells within both the soft PEG-LM and stiff low-peptide
density hydrogels, while no vacuolation was observed in either the
nonfunctionalized nor the stiff high peptide density groups (Sup-
plementary Fig. 2). This observation is of interest because AHA
staining within vacuolar structures appeared modest at best, which

123

may support the hypothesis that vacuoles play a more important
role in regulation of intracellular pressure than in molecular trans-
port [65-67]. However, further assessments need to be conducted
to better understand these findings and their implications. To-
gether these data validate the stiff biomaterial functionalized with
laminin mimetic peptides as a bioactive scaffold capable of pro-
moting cellular behaviors similar to the soft PEG-LM hydrogel dur-
ing 3D in vitro culture. The use of chemically functionalized syn-
thetic polymer systems for cell encapsulation supports the inde-
pendent control of different material parameters such as hydrogel
stiffness and degree of functionalization. This allows for the cre-
ation of a stiff biomaterial with reduced peptide density, parame-
ters which are difficult to achieve using naturally occurring materi-
als. In natural polymer systems, adhesive domains (e.g. RGD in the
case of collagen) are inherently linked to the fiber density [68-70].
Thus, an increase in polymer density results in both a stiffer sub-
strate and an increase in adhesive ligand domain availability. The
ability to precisely control both parameters is important, as the
controlled presentation of ligands in the stiff polymers has been
previously observed to lead to significant changes in phenotypic
marker expression [40].

Having validated biomaterials in 3D in vitro culture, we then as-
sessed the effects of injecting the cell-laden peptide-functionalized
system as a therapeutic to discs degenerated via disc puncture
in a rat model of degeneration. In vivo delivery of the peptide-
functionalized in situ crosslinked cell-laden hydrogel promoted
significantly higher DHI values compared to the puncture and
the cell-only groups, although these values remained significantly
lower than in the sham control. pCT analysis further suggested sig-
nificant changes in endplate organization, with the cell-laden hy-
drogel group promoting significantly higher degrees of endplate or-
ganization than the puncture group, while not being significantly
different than the sham group. The peptide-functionalized hydro-
gel also promoted cell phenotype and exhibited bioactive prop-
erties in vivo as characterized by increased expression of integrin
o6, N-Cadherin, and BASP1, as well as increased Safranin-O pres-
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Fig. 4. Histological assessments of the IVDs. (A) 20 pm thick tissue sections, stained via Saf-O/Fast Green/Haematoxylin. Scale bar is 500 pm. (B) At the eighth week
post-injury timepoint, differences in protein expression levels between groups was apparent. Although protein expression in the cell-laden hydrogel condition appeared to
resemble that of the naive condition, morphological differences in cell distribution could still be observed. Scale bar is 250 um. (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.)

ence within the central region of the disc, compared to the punc-
tured group. Differences in disc phenotype between the 1-week
and 8-week conditions for the cell-laden hydrogel delivery group
were observed. Specifically, at t = 8 weeks, there was observable
Safranin-O staining within the central region of the disc, as well as
observable protein expression; however, these characteristics were
not observed at the 1-week time point (Supplementary Fig. 5). This
may be due to cells requiring a longer time to reach steady state
in vivo than in vitro. Following in vivo delivery, cells which were
previously cultured in monolayer experience an increase in dimen-
sionality which leads to temporal and spatial alterations to nutri-
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ent accessibility, oxygen gradients, and more. The hypoxic and low
nutrient disc environment in vivo further presents stresses to the
delivered cells, which may further result in a slow rate of recovery
that leads to longer times being necessary for cells to express the
phenotypes observed in vitro [71,72].

As suggested in the schematic from Fig. 5, we hypothesize that
the in situ crosslinked system may act in a defect filling man-
ner with the crosslinked hydrogel becoming entrapped in voids in
the nucleotomized disc and the collapsed anular fibers. Both the
treated and non-treated discs which underwent puncture show an-
ular disruption and disorganization at early timepoints. This sug-
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Fig. 5. Hydrogel delivery schematic. Representative schematic of the hypothesized workflow outlining the degrees of degeneration following disc punctures and the in situ

crosslinked cell-laden hydrogel implant.

gests that although the mechanical support provided by the hy-
drogel may be sufficient to increase disc height and vertebral body
separation, it may not provide sufficient intradiscal pressure to en-
tirely mimic the healthy NP and counteract the AF buckling which
results from the puncture injury [73,74]. This is further supported
by the observation that, particularly at the 8-week timepoint, the
endplates in the treated condition appear healthy and similar to
the sham control while the endplates in the non-treated punctured
discs show signs of severe degeneration. This finding may suggest
that the stiff hydrogel provides help to attenuate endplate dam-
age resulting from disc collapse [11,75]. However, two important
shortcomings of this work include the lack of mechanical char-
acterization of the material, and the different needle gauges used
for induction of degeneration and therapeutic delivery. In terms of
needle dimensions, controls could be better implemented in order
to assess any differential effects that may arise from the puncture
used for cell-laden hydrogel delivery when compared to the ini-
tial disc puncture. Specifically, a control using a single disc punc-
ture would better allow for characterization of background degen-
eration, and may thus provide better insight as to the effects of
hydrogel delivery, thereby strengthening the reported findings. For
material characterization, studies such as fatigue performance in
cyclical repetitive loading, or of material migration or extrusion in
compression and bending tests, would all be required to better as-
sess the integration of the mechanical properties of the hydrogel
with the native tissue in order to determine its feasibility as a cell
carrier and to further elucidate the role of the hydrogel implant in
modifying mobility of the motion segments.

Together, the data from the present study suggest an ability to
use the stiff low-peptide density functionalized PEG hydrogel scaf-
fold for efficient 3D encapsulation and cell delivery into the de-
generative disc space. Results from both in vivo and in vitro culture
validate the system as an effective cell carrier capable of promot-
ing cell retention within the IVD, and able to provide cells with
cues critical for promoting cell viability, increased biosynthetic ac-
tivity, matrix deposition, and protein expression. The benefit of the
cell-laden construct appeared to be most prominent at the 8-week
timepoint, suggesting that the biomaterial construct may promote
sustained structural and phenotypic shifts following the initiation
of tissue degeneration. Nevertheless, the findings are confined to
our use of primary cells, while alternate cell sources may be better
suited to clinical translation.
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