
University of Nebraska - Lincoln University of Nebraska - Lincoln 

DigitalCommons@University of Nebraska - Lincoln DigitalCommons@University of Nebraska - Lincoln 

Biological Systems Engineering: Papers and 
Publications Biological Systems Engineering 

12-8-2021 

Injectable decellularized nucleus pulposus tissue exhibits Injectable decellularized nucleus pulposus tissue exhibits 

neuroinhibitory properties neuroinhibitory properties 

Logan M. Piening 

David J. Lillyman 

Fei San Lee 

Alvaro Moreno Lozano 

Jeremy R. Miles 

See next page for additional authors 

Follow this and additional works at: https://digitalcommons.unl.edu/biosysengfacpub 

 Part of the Bioresource and Agricultural Engineering Commons, Environmental Engineering Commons, 

and the Other Civil and Environmental Engineering Commons 

This Article is brought to you for free and open access by the Biological Systems Engineering at 
DigitalCommons@University of Nebraska - Lincoln. It has been accepted for inclusion in Biological Systems 
Engineering: Papers and Publications by an authorized administrator of DigitalCommons@University of Nebraska - 
Lincoln. 









spine were either (1) fixed in 4% paraformaldehyde (PFA) for

30 minutes, followed by 3 � 15-minute washes in 1� phosphate-

buffered saline (PBS) for imaging, (2) eluted in media for cytotoxicity

studies, or (3) frozen at �80�C and lyophilized for 2 days (FreeZone

4.5 L Freeze Dryer [7750020, Labconco]) for additional analyses

described below. Remaining NPs were decellularized following the

process as outlined in Table 1. This procedure was adapted from

Wachs et al.2 by processing each whole intact NP at room tempera-

ture in a 50-ml tube (89 039, VWR) filled up to the 45-ml mark, spin-

ning on an orbital shaker (EW-07650, Stuart) at 18 rpm. Changes

made to the previous protocol include replacing Triton X-200 (discon-

tinued) with sodium deoxylcholate (Sigma-Aldrich), excluding RNase

digestion, altering times for detergent washes, and including 1� PBS

and water washes at the end of the process. Decellularized NPs were

processed as outlined above with either fixation, elution, or lyophiliza-

tion. A minimum of three spines were used for each analysis to

account for animal variability. To account for increased variability in

decellularized NP samples compared to control NP samples, at least

one unprocessed control NP and at least one decellularized NP were

analyzed for each spine, for a total of at least three control NPs and

decellularized NPs.

2.1.2 | DNA content

DNA content of control and decellularized NP samples was analyzed

using the Quant-iT PicoGreen dsDNA Assay Kit (P7589, Thermo

Fisher) according to the manufacturer's instructions to verify the

removal of antigenic DNA remnants after decellularization. Briefly,

lyophilized control and decellularized NP samples were digested in

1 ml of 16 U/ml papain (P3125, Sigma-Aldrich) in 0.2 M sodium

phosphate buffer containing 0.0975 M sodium acetate (W302406,

Sigma-Aldrich), 0.0137 M ethylenediaminetetraacetic acid (E6758,

Sigma-Aldrich), and 0.005 M cysteine hydrochloric acid (HCl; C1276,

Sigma-Aldrich) overnight in a 65�C water bath. The remainder of the

assay was conducted per the manufacturer's instructions, and DNA

was quantified using the provided standards and normalized to the

dry weight of the tissue. A total of n = 3 control NPs and n = 9 dec-

ellularized NPs were used for the outlined experiments.

2.1.3 | sGAG content

sGAG content of control and decellularized NP samples was quanti-

fied to determine the maintenance of neuroinhibitory components

after decellularization. A Blyscan Glycosaminoglycan assay kit (B1000,

Biocolor) was utilized according to the manufacturer's instructions.

Briefly, lyophilized control and decellularized NP samples were

digested in papain as described above (see DNA Content). The

remainder of the assay was conducted per the manufacturer's instruc-

tions, sGAG was quantified according to the provided standards and

normalized to the dry weight of the tissue. A total of n = 3 control

NPs and n = 12 decellularized NPs were used for the outlined

experiments.

2.1.4 | Collagen content

Maintenance of collagen was determined after decellularization by

analyzing collagen content in control and decellularized NP samples.

Depending on the type of collagen, hydroxyproline can make up

between 12.8% and 14.7% of the mass.46 A value of 13.5% was used

as the percentage of hydroxyproline in collagen. A hydroxyproline

assay (ab222941, Abcam) was conducted according to the manufac-

turer's instructions with slight modifications to determine collagen

content. Briefly, lyophilized control and decellularized NP samples

F IGURE 1 Schematic illustration of the porcine nucleus pulposus decellularization, digestion, and regelation process and parallel analyses.
SEM, Scanning electron microscopy; NP, nucleus pulposus
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were digested in 1 ml of 16 U/ml papain (see above) at 65�C over-

night. This digested NP was lyophilized overnight to concentrate the

tissue. The resulting lyophilizate was hydrolyzed with 200 μl of 5 M

sodium hydroxide (NaOH) at 120�C for 1 hour, then neutralized on

ice with 200 μl of 5 M HCl. The remainder of the assay was con-

ducted per the manufacturer's instructions, and the resulting data

were normalized to the dry weight of the tissue. A total of n = 4 con-

trol NPs and n = 4 decellularized NPs were used for the outlined

experiments.

2.1.5 | Cytotoxicity of residual chemicals

Cytotoxicity of any residual chemicals in the decellularized NP tissue

was evaluated by measuring the change in metabolic activity of

human NP cells treated with media eluted from the decellularized NP

using the alamarBlue assay (Thermo Fisher, 88 951) in accordance

with ISO Standards 10993:547 and 10993:12.48 The alamarBlue assay

measures the metabolic activity of cells by reducing resazurin in the

electron transport chain to resorufin. This reduction causes a change

in color from blue to purple/pink that can be measured. Cells that are

more metabolically active will reduce resazurin at a faster rate than

less metabolically active cells, leading to a greater color change.

Briefly, 100 mg of wet decellularized NP tissue was eluted in 1 ml

complete NP media (Sciencell, 4801) for 72 hours at 37�C. Human NP

cells (Sciencell, 4800) were grown to passage 4, then split and seeded

in a 48-well plate coated with Poly-L-Lysine at a density of 7500

cells/well. The cells were allowed to adhere for 24 hours before they

were treated with eluted media. After cells were incubated for

48 hours with the eluted media, alamarBlue reagent was added to

each well at a 1:10 ratio and incubated at 37�C for 2 hours. The

absorbance of the media was analyzed using a microplate reader

(Synergy H1, BioTek, Vermont) at 570 and 600 nm. The reduction of

alamarBlue was calculated according to the manufacturer's instruc-

tions. All samples including untreated controls were measured in tripli-

cate. A total of n = 3 decellularized spines, with four NP samples

taken from each n, for a total of 12 decellularized NP were used in the

outlined experiments.

2.1.6 | α-galactose epitope immunostaining

The α-galactosyl epitope (α-gal) content of decellularized NP scaffolds

was tested because α-gal is known to elicit an immune response in

humans, as humans and old-world monkeys do not express this epi-

tope.49 Immunostaining was used to test whether the α-gal epitope

was present in the NP tissue after decellularization. Fixed control and

decellularized NP samples were utilized for α-gal immunostaining. Por-

cine muscle tissue was used as an additional positive control for α-gal

due to its high cellularity and high α-gal presence. After fixation and

storage at 4�C in PBS, the PBS was removed, and the tissues were

soaked in a 30% sucrose solution at 4�C overnight. The samples were

then frozen in optimal cutting temperature compound (4586, Scigen)

and cryo-sectioned at 30 μm (CM1950, Leica). Sections were post-

fixed to slides in 4% PFA for 30 minutes, followed by 2 � 15-minute

washes in 1� PBS and another wash for 15 minutes in PBS with

tween (PBST; 0.1% Tween 20 [BP337, Fisher Scientific] in 1� PBS).

The sections were then blocked using blocking buffer (3% goat serum;

G9023, Sigma-Aldrich), 0.3% Triton X-100 (93443, Sigma-Aldrich) in

1� PBS for 1.5 hours, followed by primary mouse α-gal antibody incu-

bation (ALX-801-090-1, ENZO; 1:1000 in blocking buffer) overnight

at 4�C with mild agitation. The sections were washed 6 � 15 minutes

in 1� PBST, then incubated with secondary antibody anti-mouse

488 (ab150117, Abcam) for 4 hours at room temperature with mild

agitation. The sections were again washed 6 � 15 minutes with 1�
PBST. Finally, sections were counterstained with 40 ,6-diamidino-2-

phenylindole (DAPI) (D1306, Thermo Fisher; 1:1000 in 1� PBS) for

10 minutes, washed 3 � 5 minutes in 1� PBS, mounted using Prolong

Gold (P36934, Fisher Scientific) and a glass coverslip. All steps were

conducted at room temperature unless otherwise specified. Images

were taken using a Zeiss Axio Observer at �10 magnification and

quantified by counting the number of positive α-gal epitopes in three

�10 images of control NP, decellularized NP, and muscle tissue from

TABLE 1 The time spent in each wash step of the
decellularization process

Wash liquid Time

1 ddH20 7 hours

2 100 mM sodium/50 mM phosphate buffer Overnight

(10-12 hours)

3 125 mM SB3-10 in 50 mM sodium/10 mM

phosphate buffer

4 hours

4 100 mM sodium/50 mM phosphate buffer 15 minutes

5 3% (w/v) SD/0.6 mM SB-16 in 50 mM

sodium/10 mM phosphate buffer

1 hour

6 100 mM sodium/50 mM phosphate buffer 3 � 15 minutes

7 125 mM SB3-10 in 50 mM sodium/10 mM

phosphate buffer

1.75 hours

8 100 mM sodium/50 mM phosphate buffer 15 minutes

9 3% (w/v) SD/0.6 mM SB-16 in 50 mM

sodium/10 mM phosphate buffer

45 minutes

10 100 mM sodium/50 mM phosphate buffer 3 � 15 minutes

11 DNase (75 U/ml) in 50 mM sodium/10 mM

phosphate buffer

34 hours

12 50 mM sodium/10 mM phosphate buffer 3 � 90 minutes

13 1� PBS 3 � 3 hours

14 ddH2O 3 � 15 minutes

Chemical information for decellularization process

3-(Decyldimethylammonio)-propanesulfonate inner salt (SB3-10;

D4266, Sigma-Aldrich)

3(N,N-Dimethylpalmitylammonio)-propane inner salt (SB-16; H6883,

Sigma-Aldrich)

Sodium deoxylcholate (SD; D6750, Sigma-Aldrich)

DNase (D4527, Sigma-Aldrich)

Abbreviation: PBS, Phosphate-buffered saline.
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three different animals using ImageJ. A total of n = 3 samples were

used for each group with a minimum of three images analyzed per n.

2.2 | Creation and characterization
of a regelled NP

2.2.1 | Digestion and preparation of decellularized
NP gel

The intact AF provides a barrier to delivery to the NP; thus, an inject-

able formulation is essential. To create an injectable gel made from

decellularized NP tissue, previous enzymatic digestion protocols were

adapted50,51; 20 mg of lyophilized decellularized NP was digested by

1 mg/ml of pepsin (P6887, Sigma-Aldrich) in 0.05 N HCl for 44 hours

with spinning at 300 rpm using a magnetic stir bar. Following diges-

tion, all steps of making the regelled NP were performed on ice, until

incubation at 37�C. 4-(2-hydroxyethyl)-1-piperazineethanesulfonic

acid (HEPES) buffer (H0887, Sigma-Aldrich) was added to attain a

concentration of HEPES of 7.5 mM. The digest was then neutralized

with 5 M NaOH to pH ~7.4. The digested NP tissue alone did not

form a robust gel at 37�C, so type I collagen (354249, Corning) was

supplemented to create a more robust gel. Type I collagen was

selected because there is an increase in type I collagen with aging, and

degeneration forms a gel more consistently than type II collagen.

Since the goal of this material is not to regenerate a healthy disc, but

rather to act as a neuroinhibitory supplement, collagen type will not

impact this property. Dulbecco's Modified Eagle Medium (DMEM;

D2429, Sigma-Aldrich) was used to control the ionic strength of the

solution, as ionic strength has been demonstrated to have a strong

effect on the gelation time, number of fibrils, and size of fibrils of col-

lagen.52,53 The neutralized tissue digest, as described here after it had

been neutralized, was added to premixed tubes containing DMEM

and HEPES so that the final concentration of DMEM would be 0.5�
and HEPES would be 7.5 mM. Collagen was added last up to a con-

centration of 2.5 mg/ml. The final pH of the resulting solution was

adjusted to ~7.4 using 0.25 M NaOH, and the resulting ionic strength

was ~0.148 M. The final formulation with supplemented collagen was

termed regelled NP.

2.2.2 | Gelation kinetics

The gelation kinetics, how much the gel absorbs light over time due to

fibril formation, and gelation time, at what time the absorbance starts

and stops changing, were investigated here; 100 μl of digested NP

supplemented with collagen was prepared and pipetted in triplicate

into a 96-well plate. The plate was then placed into a microplate

reader, preheated to 37�C, and the absorbance was read once every

minute for 45 minutes at 405 nm. Gel absorbance was used as an

indicator of collagen fibrillogenesis. At this wavelength, the absor-

bance of the gel depends on the amount of collagen fibril formation.2

The change in absorbance from the initial value and the normalized

absorbance, Equation (1), were calculated to show the percent of the

maximum absorbance. A total of n = 3 different preparations were

used with three samples analyzed for each n.

NA¼ A2�A1

Max�A1
, ð1Þ

where NA is the normalized absorbance, A2 is the absorbance at a

specific time, A1 is the initial absorbance, and Max is the maximum

absorbance value over the time course.

2.2.3 | Mechanical characterization

Mechanical characterization including rheology of the gel was per-

formed and compared to previously published data on degenerated

NP tissue: a linear compressive modulus of ~5.3 kPa and a complex

shear modulus at 1 rad/s of ~17 kPa.54 Rheology testing was per-

formed on gels using an Anton Paar MCR 302 with sand-blasted

plates and a humidity bath. Briefly, regelled NP and collagen control

gels were formed by injecting the gel solutions into 8-mm-diameter

silicone molds (666305, Grace Bio-Labs), using 21 G needles (305129,

BD), between two glass slides and thermally cross-linked at 37�C for

45 minutes. The gels were then allowed to soak in 1� PBS for

30 minutes to become fully hydrated. An initial amplitude sweep was

conducted to determine the limiting strain value of the linear visco-

elastic region by measuring a shear strain range from 0.001% to 1%

with 20 data points, angular frequency of 6.21 Hz, and the reading

from 0.1 to 100 rad/s. Following the amplitude sweep, a frequency

sweep from 0.1% to 100 rad/s at 0.01% strain, 20 data points were

conducted on each gel at 37�C in a humidity bath. Collagen gels with

a concentration of 2.5 mg/ml were used as controls. A dynamic shear

modulus of G* = 17 kPa and tan δ = 0.3 at 1 rad/s were used as

mildly degenerate human NP rheological values, and G* = 7.4 kPa and

tan δ = 0.4 at 1 rad/s were used as healthy human NP rheological

values.54,55 G* was calculated as G* =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

G02þG002p
and tan δ = G0 0/G0,

where G0 = storage modulus and G0 0 = loss modulus. N = 8 collagen

control experimental replicates and three regelled NP groups, each

with six replicates, for a total of 18 regelled NP samples.

2.2.4 | Scanning electron microscopy

Scanning electron microscopy (SEM) was performed to assess the for-

mation of collagen fibers after NP digestion and regelation. Fixed con-

trol NPs, decellularized NPs, and regelled NPs were processed for

SEM using a graded dehydration method. Samples were dehydrated

in increasing concentrations of ethanol (30%, 50%, 70%, 85%, 90%,

95%, and 100% in ultrapure water) for 15 minutes each at room tem-

perature. Following this, the samples were incubated in increasing

percentages of hexamethyldisilazane (HMDS; 16 700, Electron

Microscopy Services; 25%, 50%, 75%, and 100% in ethanol) for

30 minutes each at room temperature in a fume hood. Finally, the
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samples were submerged in 100% HMDS overnight in a fume hood

until the HMDS had completely evaporated. The dehydrated samples

were secured to a pin stub mount using conductive tape and sputter

coated in platinum/palladium for 20 seconds (106 Autosputter

Coater, Cressington). The coated samples were then imaged using an

FEI Helios focused ion beam/SEM 660 at a voltage of 5 to 10 kV, cur-

rent of 0.2 nA, 3 μs dwell time using secondary electron mode, and

Everhart-Thornley detector unless through lens detector was needed

for finer resolution at higher magnifications. ImageJ was used to quan-

tify the fiber diameter by drawing a line across each distinguishable

fiber and measuring the distance of the line. A total of n = 3 different

samples were characterized, and at least three images per sample

were analyzed for each group at �100 000 magnification to quantify

fiber diameter.

2.3 | NP cell cytocompatibility

2.3.1 | NP cell culture

Human NP cells (4800, ScienCell) were cultured in a T75 flask

(CLS430641U, Sigma Aldrich) coated with 15 μg of Poly-L-Lysine

(0413, ScienCell). NP cells were cultured in Complete Nucleus

Pulposus Cell Media (4801, ScienCell) which was changed every 2 to

3 days. The NP cells were grown to confluency in hypoxia (3.5% oxy-

gen, 10% CO2, 86.5% N2) in a modular incubator chamber (MIC-101,

Billups-Rothenberg) before being used. Cells from passages 2 and

3 from multiple freeze downs were used in these experiments. These

cells were acquired from single, fetal donors, and the identity of the

cells was verified by the company through immunofluorescence with

antibodies for fibronectin and vimentin (ScienCell).

2.3.2 | 3D cell culture within regelled NP
or collagen control gels

NP cells were added to non-cross-linked regelled NP or collagen con-

trol solutions to attain a cell concentration of 2 million cells/ml; 30 μl

of the gel and cell suspension was transferred to a sheet of parafilm

to prevent sticking, then placed in the incubator at 37�C for

40 minutes to cross-link before being transferred individually to

48-well plates; 400 μl of complete NP cell media was added to each

well. Media were replaced every 2 to 3 days over the course of

7 days.

An alamarBlue metabolic assay (88951, Thermo Fisher Scientific)

was conducted on days 0, 1, 3, and 7 after initiation of culture to

determine cell health. At the desired time point, alamarBlue reagent

was added to each well at a 1:10 ratio, and the plates were incubated

at 37�C in hypoxia for 3 hours; 200 μl of media from each well was

moved in duplicate to a 96-well plate. The wells were then rinsed with

1� PBS before adding 400 μl of complete NP media and placing the

plates back in the incubator under hypoxia. The absorbance of the

removed media was analyzed using a microplate reader at 570 and

600 nm. The reduction of alamarBlue was calculated according to the

manufacturer's instructions. The reduction was then normalized to

the DNA content of the respective wells, following the conclusion of

the experiment. Gels were then frozen in water at �80�C at respec-

tive time points for sGAG, collagen, and DNA assays. A total of n = 6

experimental replicates from each preparation, with the collagen hav-

ing one preparation and the regelled NP having three different prepa-

rations for a total of six collagen and 18 regelled NP.

At the study end, all gels were lyophilized overnight. Due to the

small masses remaining following lyophilization, the mass could not

accurately be determined for normalization. Instead, the data were

normalized to each gel, which was a known volume of solution. Three

gels from each time point and group were digested in 1 ml of 16 U/ml

papain (see above) overnight at 65�C. sGAG, DNA, and hydroxypro-

line assays were conducted as described previously in Section 2.1. A

total of n = 3 experimental replicates from each preparation, with the

collagen having one preparation and the regelled NP having three dif-

ferent preparations for a total of three collagen and nine regelled NP.

2.4 | Evaluation of neuroinhibitory properties
of regelled NP

2.4.1 | Dorsal root ganglia explant isolation process

Studies using primary rat dorsal root ganglia (DRG) explant culture

tested the neuroinhibitory properties of the regelled NP. DRGs are

located close to the disc and can sprout pain-sensing neurons into

degenerate disc, leading to pain, thus they are an ideal model cell type

to validate neuroinhibition in vitro.4 All animal experiments were con-

ducted in accordance with the Guide for the Care and Use of Labora-

tory Animals and approved through the University of Nebraska-

Lincoln's Institutional Animal Care and Use Committee. Adult male

Sprague Dawley rats (CD Rat 001, Charles River) aged 11 to 15 weeks

were euthanized, and L1-L6 DRGs were surgically removed and placed

in cold trimming media: Neurobasal-A media (10888022, Thermo

Fisher Scientific) with 10% fetal bovine serum (FBS; 26140079,

Thermo Fisher Scientific), 1% GlutaMax (35050061, Thermo Fisher

Scientific), 1% Penicillin/Streptomycin (15140122, Thermo Fisher Sci-

entific), and 2% B-27 Plus Supplement (A3582801, Thermo Fisher Sci-

entific). DRGs were transferred into a 60-mm petri dish with cold

trimming media, and excess tissue around the DRG was trimmed using

surgical spring scissors under a stereomicroscope (Stemi 508, ZEISS).

Trimmed lumbar DRGs were divided into two or three equally sized

pieces before culture.

2.4.2 | Gel-within-gel fabrication and DRG
explant culture

To accurately model the growth of DRG neurons into a degenerative

disc in vitro, we utilized our previously established gel-within-gel 3D

culture method to model the in vivo environment of the DRG and
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