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Abstract
Extracellular matrix (ECM) is a complex structure composed of bioactive molecules representative
of the local tissue microenvironment. Decellularized ECM biomaterials harness these biomolecules
for regenerative medicine applications. One potential therapeutic application is the use of vocal
fold (VF) specific ECM to restore the VFs after injury. ECM scaffolds are derived through a process
of decellularization, which aims to remove unwanted immunogenic biomolecules (e.g. DNA) while
preserving the composition of the ECM. The effectiveness of the decellularization is typically
assessed at the end by quantifying ECM attributes such as final dsDNA content. However,
batch-to-batch variability in ECMmanufacturing remains a significant challenge for the
standardization, cost-effectiveness, and scale-up process. The limited number of tools available for
in-process control heavily restricts the uncovering of the correlations between decellularization
process parameters and ECM attributes. In this study, we developed a technique applicable to both
the classical batch method and semi-continuous decellularization systems to trace the
decellularization of two laryngeal tissues in real-time. We hypothesize that monitoring the
bioreactor’s effluent absorbance at 260 nm as a function of time will provide a representative DNA
release profile from the tissue and thus allow for process optimization. The DNA release profiles
were obtained for laryngeal tissues and were successfully used to optimize the derivation of VF
lamina propria-ECM (auVF-ECM) hydrogels. This hydrogel had comparable rheological
properties to commonly used biomaterials to treat VF injuries. Also, the auVF-ECM hydrogel
promoted the down-regulation of CCR7 by THP-1 macrophages upon lipopolysaccharide
stimulation in vitro suggesting some anti-inflammatory properties. The results show that
absorbance profiles are a good representation of DNA removal during the decellularization process
thus providing an important tool to optimize future protocols.

1. Introduction

Decellularized extracellular matrix (ECM) biomater-
ials are attractive due to their potential use across
clinical, research, and 3D printing applications as

a more physiologically relevant substrate. They also
possess favorable wound healing properties [1–3].
ECM is mainly composed of structural proteins and
other bioactive molecules that can guide cellular
responses providing tissue-specific biochemical and
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biomechanical cues [4–6]. ECM-based biomateri-
als take advantage of the biomolecules deposited by
tissue-resident cells to form tissue-specific, complex
3D structures necessary for tissue function as well
as the signaling necessary to coordinate the response
to injury [7]. These properties make the ECM an
ideal but complex scaffold with broad regenerative
medicine applications. All these properties rely on the
proper decellularization method that can retain the
biomolecules responsible for the host tissue response
while removing unwanted components. Therefore,
understanding and controlling the decellularization
process is vital to their large scale manufacturability
and clinical success.

ECM based biomaterials are most often derived
via tissue decellularization, typically from porcine
organs/tissues, given their ubiquitous availability.
Tissue decellularization commonly involves sequen-
tial treatments to remove unwanted immunogenic
factors with the potential of driving host rejec-
tion (e.g. DNA) while preserving the complex ECM
architecture and composition [8]. Ideally, once an
adequate decellularization protocol is identified (i.e.
reagent sequence, exposure time, agitation, etc), the
method is then consistently executed in order to min-
imize variability of the final ECM attributes. How-
ever, significant variation in final DNA content in the
ECM products (batch to batch variability) remains
a challenge in the field and can result in the rejec-
tion of entire batches, negatively impacting the cost-
efficiency of the process [9].

Biofabrication of ECM-based biomaterials and
the final quality attributes largely depend on the
decellularization process. Established decellulariza-
tion workflows rely on evaluating decellularization
effectiveness by measuring variables such as residual
nuclei or DNA content [10, 11]. This kind of end-
point evaluation workflow does not offer a practical
path towards identifying, detecting, and adjusting
real-time process parameters such as reagent expos-
ure times and reagent sequence. Arguably, translation
and upscaling of ECM manufacturing could be chal-
lenging due to limited understanding of the correl-
ation between decellularization parameters and the
final ECM quality. This quality control approach
restricts the identification of process parameters that
can be used to increase efficiency for the classical
batch decellularization (sheet method, sh) and the
semi-batch automated method (au) [12]. Badileanu
et al developed a semi-batch decellularization pro-
cess for soft tissues with automated reagent dos-
ing (inputs and effluent) to address the user-driven
variability during the process [13]. The signific-
ance of the automated method is primarily related
to semi-continuous inline filtration to enable time-
programed dosing pumps to deliver reagents and
remove waste. The automated system is an ini-
tial step to standardize decellularization for ECM-
manufacturing and to implement inline monitoring

to facilitate process control and optimization in real-
time. However, to the best of our knowledge, in-line
DNA removal tracing formanual or automated decel-
lularization has not been performed. Ultimately, a
method for the in-line monitoring process is critical
to understand the decellularization dynamics, control
the batch-to-batch variability, and improve the effi-
ciency of the ECMmanufacturing process.

Absorbance spectroscopy is widely available and
commonly employed to monitor nucleic acids in
aqueous solutions (i.e. dsDNA, ssDNA, RNA, etc)
[14]. We hypothesize that monitoring the bioreact-
ors effluent’s absorbance at 260 nm as a function
of reagent exposure time will provide a representat-
ive DNA release profile (potential monitoring curves)
from the tissue into the liquid phase (i.e. react-
ors effluent). This profile can then be correlated to
decellularization parameters. This information will
be used to determine the overall status of decellular-
ization and improve ECM derivation.

In the current study, we investigated the use
of absorbance curves to understand the dynamics
of the decellularization process and generate decel-
lularization profiles for two laryngeal soft tissues:
the vocal fold lamina propria (VFLP) and supra-
glottic (SG) tissues. Both tissues could have pro-
found clinical applications for patients suffering from
vocal fold (VF) injuries for which a truly regenerat-
ive treatment remains elusive. Large scale production
of such materials will be needed for a viable com-
mercial product. Therefore, our goal was to meas-
ure the effect of reagents and exposure times at dif-
ferent scales during the decellularization process and
to use such information to optimize the development
of an injectable and cytocompatible hydrogel for VF
applications. These profile curves are the first of their
kind and have the potential to drive future studies to
optimize decellularization protocols for either clas-
sical or automated workflows. Although targeted for
VF-specific ECM, this technique allows for the collec-
tion of real-time information to be used as an input
to a control system for manufacturing ECM products
at a large scale with full quality compliance.

2. Materials andmethods

2.1. Tissues
Porcine larynges (Nahunta Pork Outlet) were dissec-
ted, and the mucosa from the true VF and SG were
removed. The tissues were then frozen at −20 ◦C for
at least 24 h.

2.2. Decellularization andmonitoring curves
2.2.1. Classical sheet method (sh-method) and
absorbance spectroscopy recording data
Porcine VFLP and SG decellularization was per-
formed as previously described [15]. SGs were
divided into pieces closer in size to VFLP. The raw tis-
sue was centrifuge at 3000 RPM for 30 s and at least
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three independent batches from 1 g each were weight.
Tissues were treated with 25 ml of the following solu-
tions under constant agitation on an orbital shaker:
three times with 1× DPBS for 15 min each, 4% w/v
sodium deoxycholate (NaDeox) (Sigma-Aldrich) for
2 h, 1×DPBS for 15min, deoxyribonuclease (DNase)
I (Sigma-Aldrich) at 273 Kunitz/mL in PBS pH 7.4
supplemented with 2.5 mMMg2+ and 0.1 mM Ca2+

for 2 h, 1× DPBS for 15 min, 0.1% v/v peracetic
acid (Sigma-Aldrich) in 4% v/v ethanol solution for
30 min, 1× DPBS for 15 min. See table S1, part
A for a summary of decellularization steps. During
each decellularization stage (i.e.Wash, Detergent, and
Nuclease), samples of 0.2 ml were taken from the
system to measure absorbance at 260 nm using a
Nanodrop 2000 (ThermoFisher) shortly after sample
collection.

2.2.2. Semi-batch automated method (au-method)
and absorbance spectroscopy recording data
Porcine VFLP and SG were separately ground after
freezing overnight using a Ninja Blender (Ninja®).
The minced initial native tissues were centrifuged at
3000 RPM to remove the blood excess and adjusted
to yield at least three independent batches per condi-
tion (0.5 g, 1 g, and 2 g) to be decellularized as pre-
viously described [13]. Micronized tissues were then
placed in a custom-made bioreactor (as described
by Badileano et al) and treated with the 25 ml of
the solutions listed in table S1, part B under con-
stant agitation. An additional 3 mm silicone tubing
was inserted near the waste outlet for sample col-
lection. Decellularized auVFLP-ECM or auSG-ECM
scaffolds were lyophilized. Three exposure times were
tested, but the reagent sequence and concentrations
were preserved as described in table S1, part (i, ii, &
iii). At least three independent decellularization per
tissue per condition were performed (n = 3). Dur-
ing each decellularization stage, 0.2 ml samples were
taken from the solution via sampling line at the cor-
responding exposure time to measure the absorbance
at 260 nm; all measurements were conducted shortly
after the sample collection.

2.3. Decellularized ECM characterization
2.3.1. Double strand DNA (dsDNA) quantification
Native and decellularized ECMscaffoldswere lyophil-
ized overnight. Approximately 3 mg per sample was
then digested in 20 µl (at 20 mg ml−1) Proteinase K
Solution (Qiagen) and 180 µl Buffer ATL (Qiagen)
overnight at 60 ◦C.Digested samples were diluted and
mixed thoroughly using 800 µl of TE pH 7.4 buffer
(ThermoFisher Scientific). A second dilution (1:50)
was prepared using the same buffer. Further dilutions
were required for native samples to reach a signal
within the range of the standards supplied by the
kit. dsDNA quantification was performed using the

QuantiFluor dsDNA System kit (Promega) according
to themanufacturer’s instructions. Samples were read
using an Infinite M200 Pro plate reader (Tecan).

2.3.2. Histology
Tissue samples of native and decellularized auVFLP-
ECM and auSG-ECM were fixed in 4% formalde-
hyde (Sigma-Aldrich) overnight and stored in 70%
ethanol. The samples were trimmed and sectioned at
5µmand subjected toHematoxylin and Eosin (H&E)
and Tri-Chrome staining. Staining was performed at
the Histology Laboratory in the College of Veterinary
Medicine at North Carolina State University.

2.3.3. Proteomics
A pool of dissected porcine VFLPs and SGs were
minced to produce three independent decellularized
auVFLP-ECM or au-SG scaffolds. Discovery proteo-
mics workflow was used to characterize and com-
pare the overall protein composition of decellularized
auVFLP-ECM and auSG-ECM scaffolds.

2.3.3.1. Sample preparation
To generate adequate data for statistical analysis
∼10 mg each of auVFLP-ECM or au-SG was
used. Samples were suspended in 1 ml of 50 mM
ammonium bicarbonate (pH = 8.0) with 5% w/v
sodium deoxycholate (SigmaAldrich) for digestion
and homogenization. Samples were homogenized
using an OMNI tissue homogenizer and a Fisher Sci-
entific SonicDismembratorModel 120. Samples were
then centrifuged at 10 000 x g for 10 min, and a bicin-
choninic acid assay (BCA assay) was performed on
the supernatant. For BCA, samples were normalized
to 50 ug of protein, and filter-aided sample prepar-
ation protocol was employed to digest and clean the
samples prior to mass spectrometry [16].

2.3.3.2. Liquid chromatography-mass spectrometry
(LC-MS/MS)
All samples were run using a Thermo Scientific Easy
Nano-LC1200with anEASY-Spray source complexed
to a ThermoFisher Scientific Orbitrap Exploris 480.
A ThermoFisher Scientific Acclaim PepMap 100 trap
column (C18 LC Columns, 3 µm particle size, 75 µm
ID, 20 mm length) was utilized in line with an EASY-
Spray analytical column (2 µm particle size, 75 µm
ID, 250 mm length) at 35 ◦C. The mass spectrometer
was run in data-dependent acquisition mode with a
cycle time of 2 s. 2 µl of volume was injected for
each sample, containing approximately 1 µg of total
protein.

2.3.3.3. Data analysis
Raw data were loaded into ProteomeDiscoverer (PD)
2.4.0.305 (ThermoFisher Scientific) for analysis. A
label-free quantification (LFQ) workflow was used,
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and the datawere normalized by total peptide amount
using PD. For peptide searching, the protein FASTA
database was downloaded via PD from SwissProt
(fully annotated) and TrEMBL (unreviewed proteins)
databases for Sus Scrofa (taxonomy ID = 9823). A
maximum of two equal mods were used per peptide.
The following post-translational modifications were
accommodated in the search algorithm (modified
amino acids in parentheses): oxidation (M), deamid-
ation (N, Q). Gene Ontology (GO) functional classi-
fication analysis (protein class) was performed using
the ‘Gene List Analysis’ tool fromwww.pantherdb.org
using Sus scrofa as the organism, and plots were con-
structed using PRISMorBioVenn [17, 18]. Associated
ECM proteins and subunits were listed according to
Naba et al [19].

2.3.4. Hydrogel formation and Rheological
measurements
Decellularized classical sh-ECMsampleswere powder
using a mortar and pestle with liquid nitrogen
to yield a powder. Automated decellularized ECM
samples were lyophilized and ground in a mill. The
ECM powder was digested at 10 mg ECM/mL with
0.6 mg ml−1 of pepsin in 0.01 M HCl for 48 h on
a stirring plate [20]. ECM-hydrogels were formed
by adjusting the salt concentration with 10X DPBS,
neutralizing the digested ECM solution with 0.1 M
NaOH, and raising the volume with water to a final
ECM concentration of 6 mg ml−1. ECM-hydrogels
were formed by aliquoting into tissue culture-treated
plates or any other surface and placing at 37 C for 30–
60 min. Collagen type I (Col.1 h) solution obtained
from bovine hides (Advanced Biomatrix) was used as
a control following the manufacturers’ instructions
using 10X DPBS, 0.1 N NaOH, and water to a final
Col.1 h concentration of 6 mg ml−1. The solubil-
ized ECM was filtered to have a final particle size of
300 µm or smaller. Aliquiotes of 0.9 ml of filtered
ECM digested were then stored at −20 ◦C until use.
Just prior to performing the rheological experiments,
the ECM was thawed on ice and adjusted to a final
concentratrion of 6mgml−1. The pHof the ECMwas
to physiological pH (7.3 ± 0.2) using 0.1 M NaOH,
phenol red as indicator and 10× DPBS for balancing
the salt content. The neutralizationwas performed for
collagen type 1 in a similar manner and adjusted tto
a final concentration of 6 mg ml−1.

Dynamic rheological properties of ECM hydro-
gels were quantified using a Discovery Hybrid
Rheometer-3 (TA Instruments). Digested ECMs from
different batches were used for each experimentation.
A 40 mm sand-blasted parallel plate geometry was
used to avoid wall slip. The plates were maintained at
37 ◦C with a sample gap of 1 mm for all our experi-
ments. To ensure consistency, a conditioning step was
performed prior to data acquisition; samples were
subjected to a dynamic pre-shear at 0.1 rad s−1 for

10 s, followed by an equilibration of 120 s. All exper-
iments were conducted within the linear viscoelastic
regime (LVE) verified via strain sweeps between 0.1%
and 100% strain at a constant frequency of 1 rad s−1.
Two sets of experiments were performed. The first
samples were loaded and elastic (G’) and viscous
(G”) moduli were monitored as a function of time
at a constant frequency of 1 rad s−1 to observe gela-
tion. The time sweep experiment was followed by
a frequency sweep to investigate gel characteristics.
The initial/pristine sample temperature loaded in
the rheometer was at 4 ◦C. During the time sweep,
the temperature of the sample increased from 4 ◦C to
37 ◦C in a short period (<30 s) playing aminimal role
in the gelation monitoring process. Experiments for
Collagen type I hydrogel (Col.1 h), shSG-ECMh, and
auSG-ECMh were run at 2.5% strain and shVFLP-
ECMh and auVFLP-ECMh were conducted at 5%
strain. The frequency sweep was performed between
0.1 rad s−1 (0.01592 Hz) to 100 rad s−1 (15.92 Hz).
All experiments were conducted in triplicate with a
relative error of±10%.

2.3.5. Cytocompatibility using monocyte culture and
macrophages (Mϕs) differentiation
THP-1 monocytes (ATCC) were cultured at a con-
centration of 2–4 × 105 cells mL−1 in RPMI Media
1640 GlutaMAX™ supplemented with 10% heat-
inactivated fetal bovine serum, and 1% penicillin-
streptomycin and subcultured at a concentration of
8 × 105 cells ml−1. Monocytes were differentiated
into macrophages (Mϕs) through the addition of
320 nM phorbol-12- myristate 13-acetate (PMA)
overnight in 75 cm2 ultra-low attachment flasks at a
concentration of 1× 106 cellsmL−1 and subsequently
washed three times with media, as previously repor-
ted [21, 22].

2.3.5.1. LPS Titration
On Day 5 of Mϕs differentiation, 2.5× 105 cells/well
were seeded on the hydrogels (auVFLP and Col.1 h)
or low binding tissue culture plastic (TCP). Lipopoly-
saccharides fromE. coli (Millipore Sigma)were added
at 100, 50, and 0 ng ml−1. After 48 h, samples were
lysed in the well using TRK Lysis provided by the
E.Z.N.A. Total RNA Kit I (Omega Biotek) and frozen
at−80 ◦C for at least 24 h.

2.3.5.2. Real-time quantitative polymerase chain
reaction (RT-qPCR)
Samples were thawed, and RNAwas isolated using the
E.Z.N.A. Total RNAKit I (OmegaBio-Tek). RNAcon-
centrations were quantified via Nanodrop, and cDNA
was synthesized with the GoScript RT System (Pro-
mega) in a SimpliAmp thermocycler (Applied Biosys-
tems). RT-qPCR was performed using SYBR Select
Master Mix in a Quantstudio 3 (Applied Biosystems)
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Table 1. RT-qPCR Primers.

Gene Forward sequence Reverse sequence

GAPDH AAGGTGAAGGTCGGAGTCAAC GGGGTCATTGATGGCAACAATA
CCR7 TGAGGTCACGGACGATTACAT GTAGGCCCACGAAACAAATGAT
TGF-β1 GGCCAGATCCTGTCCAAGC GTGGGTTTCCACCATTAGCAC

using the primers in table 1. Gene expressionwas nor-
malized to GAPDH using Microsoft Excel and expor-
ted to Prism 9 (GraphPad Software) for graphing and
statistical analysis. Significance was calculated using
two-way ANOVA and Tukey’s statistical hypothesis
testing (α = 0.05).

2.4. Statistical analysis
GraphPad PRISM 9.0 software was employed for stat-
istical analyses. All experiments were performed in
triplicate, at least, unless otherwise noted. Proteo-
mic discovery analysis was performed using Ther-
moFisher PD 2.4 308 with an ANOVA hypothesis test
(individual proteins). Student unpaired t-test with
Welch’s correction was performed for dsDNA quan-
tification analysis. A value of P < 0.05 was considered
significant unless otherwise noted.

3. Results

3.1. Overall approach
The dynamics of tissue decellularization remain
poorly controlled and characterized,making optimiz-
ation of protocols a challenging task. Residual dsDNA
content within decellularized ECM-biomaterials is a
quality control parameter used to evaluate the effect-
iveness of the decellularization process [23–25]. A
robust technique for tracing nucleic acid removal
from the tissue would be valuable, mainly if this sig-
nal works as feedback enabling real-time monitor-
ing to facilitate adjustments of the process’s paramet-
ers to control and optimize ECM outputs. Figure 1
illustrates our overall research approach. As shown in
figure 1(i), absorbance data at 260 nm (Abs. 260 nm)
from the bioreactor outputs is collected and plotted
as a function of reagent exposure time. Aliquots from
the bioreactor were taken during the decellularization
process during either the classic batch (sheet, sh) or
the semi-batch (automated, au) methods.

The dynamics of the nucleic acids (e.g. DNA)
removal were assessed by plotting absorbance from
the samples over time. Figure 1(ii) depicts the work-
flow for protein composition analysis as well as other
properties from decellularized ECM derived from the
au or sh-methods. As the chemical environment from
the different decellularization reagents used during
the process may interfere with the Abs. 260 nm
measurement, we evaluated this signal using stand-
ard lambda DNA diluted into different reagent for-
mulations commonly use during a decellularization

process (figure S4 (available online at stacks.iop.org/
BMM/17/015008/mmedia)). The results were linear
for the conditions assayed, but the mix between
NaDeox-TE buffer affected the linearity of the intens-
ity values at lower dsDNA concentrations.

3.2. Monitoring profile using a classical batch
decellularization approach
VFLP and SG are proximal anatomic regions in the
upper airway, as shown in figure 2(Ai). Injectable
biomaterials derived from decellularized VFLP or SG
are likely to maintain tissue-specific ECM composi-
tion. VFLPs and SGs were dissected from porcine air-
ways, as described in the methods, and decellularized
via the classical sh-method as shown (figure 2(Aii);
see supporting table S1 for further decellularization
information). Aliquots of decellularization reagents
were taken from the bioreactor and the Abs. 260 nm
was measured. Absorbance baseline or blank was set
for each decellularization stage using each reagent at
time 0 (before tissue exposure). Data were plotted as a
function of exposure time to generate a curve of nuc-
leic acid extraction from the tissue to the liquid phase
or a monitoring profile from the process of decellu-
larization. The final decellularized biomaterials, sh-
VFLP and sh-SG, are shown in figure 2(Aiv).

The manual decellularization method (sh-
method) for either VFLP or SG, used gentle rocker
agitation and approximately 1± 0.15 g of tissue (5–6
pieces between 1 and 2 cm each) in a 6 h long pro-
tocol. The monitoring profiles obtained are shown
in figure 2(Bi). Four regions of interest were noted
in the plots: washes (W), detergent (NaDeox), O/N
(overnight), and nuclease (DNAse). The purple-
colored W area represents the times when the tissue
was subjected to washes where a decaying trend in
absorbance was observed. The profile curve obtained
for the NaDeox stage showed a sigmoid-like increase
in the signal as a function of time. The curve had a
linear-like trend between 50 and 80 min, and it did
not plateau after 120 min of reagent exposure time.
The break in the x-axis after 190 min represents a
storage step (overnight not longer than 16 h); this
time was not included in the total protocol duration.
The storage condition allowed for the last decellular-
ization steps to be completed sequentially in the same
day (figure S1).

The curve within the DNAse region showed a
similar trend to the NaDeox profile. Signal intensity
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Figure 1. Project overview.( i) Workflow for at process determination of the absorbance at 260 nm from the bioreactor’s effluent.
(ii) Derived extracellular matrix (ECM) biomaterial characterization centered on an injectable scaffold for vocal fold application.

Figure 2. Sh-ECM production and Abs. 260 nm as a monitoring system. A (i) Open view of the porcine laryngeal area showing
VFLP and SG tissue before dissection. (ii) VFLPs dissected and in the process of being decellularized using the classical sheet (sh)
method. (iii) Approach to plot the absorbance intensity at 260 nm from the samples taken as a function of the decellularization
time per reagent stage. (iv) Macroscopic view of the decellularized tissues after classical method. B (i) Monitoring profiles
obtained for the classical decellularization method for either VFLP or SG tissue per decellularization stage. The break in the x-axis
represents an overnight storage step (not added to the total decellularization time). The nested sub-plots display the double strand
DNA quantification for the native tissue and decellularized-ECM. The error bars represent the SEM (n= 3), ∗p-values < 0.05.

increased in response to reagent exposure time in a
sigmoid-like shape, but a plateau was not observed.
For VFLP, absorbance during the DNAse treatment
was approximately 1.5× higher than absorbance of
theNaDeox stage. Increased absorbancewas observed

in VFLP compared to SG, which may suggest larger
quantities of nucleic acid were released to the liquid
phase from VFLP tissue. dsDNA content for both
materials significantly decreased after decellulariza-
tion compared to raw or native tissue.
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Figure 3. A (i) Open view of laryngeal area showing VFLP and SG tissue delimited before dissection. (ii) VFLPs and SG native
tissue (raw) minced in pieces < 3 mm before being load to the semi-batch bioreactor. iii) Automated decellularization station
showing the semi-batch bioreactor and the dossing system. (iv) Decellularization workflow showing the sequential
decellularization stages (W= wash and reag.= reagents a, b, or c). Also, the figure shows the sample inline port used for aliquot
collection. B (i) Monitoring profiles obtained for the automated decellularization method for 0.5 gr of either VFLP or SG tissue,
following the protocol listed in table S1 B(i). (ii) Monitoring profile obtained for the automated decellularization method for 1 gr
of either VFLP or SG tissue, following the protocol listed in table S1 B(ii). The nested sub-plots display the double strand DNA
quantification for the native tissue and decellularized-ECM. C Histology staining of native tissue and automated decellularized
ECM. The error bars represent the SEM (n= 3), ∗ p-values < 0.05.

3.3. Monitoring profile using a semi-batch
decellularization approach (au)
The automated (au) decellularization process used
ground tissue (particle size < 3 mm) as a raw nat-
ive material fed into the bioreactor, as shown in
figure 3(Aii). The bioreactor had an inline vertical
filter and a fluidic system controlled via automated

dosing pumps (figure 3(Aiii)). Once the material was
loaded into the bioreactor, dosing pumps ran the pro-
tocol by adding or removing reagents following pre-
programmed exposure times, and magnetic stirrer
bars homogenized the solution [13]. Aliquots from
the effluent process were collected using an inline col-
lectionmethod (figure 3(Aiv)). Abs. 260 nm from the
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aliquoted samples wasmeasured and then plotted as a
function of reagent exposure time to obtain spectro-
scopy curves associated with decellularization. Decel-
lularization parameters were as follow: (i) 3 h decel-
lularization and 0.5 g of native tissue or (ii) 4 h decel-
lularization and 1 g of native tissue (see supporting
table S1).

The resulting curves are shown in figures 3(Bi)
and (Bii). Within the W areas, the absorbance
decreased following each wash. For NaDeox, a linear
trend was observed within the first 30 min of expos-
ure for both auVFLP and auSG. For auVFLP, the
curve for DNAse treatment plateaued between 80 and
90 min, different from the DNAse profile for auSG
(figure 3(Bi)).

The effect of doubling the quantity of initial tis-
sue and extending exposure time from 30 min to
60 min for both NaDeox and DNAse is shown in
figure 3(Bii). An increment in signal intensity were
observed, suggesting a correlation with the initial
amount of loaded tissue; this mass-dependent factor
is further depicted in figure S2A. Also supporting
figure S7 shows the absorbance A260/A280 ratio for
the condition shown in figure 3(Bii) au-SG-ECM.
The higher ratio A260/A280 in the effluents suggests
a larger amounts of nucleic acids in comparison to
proteins.

For the auVFLP decellularization, similar intens-
ities were observed for both NaDeox and DNAse
treatment. The NaDeox area profile shows a linear
incremental trend with an earlier indication of a plat-
eau trend between 60 and 75 min. However, in the
case of DNAse and after 130 min, the curve indicates
a plateau trend suggesting the system reached a poten-
tial endpoint for the treatment. The auSG decellular-
ization profile revealed a well-defined plateau area for
the NaDeox stage, but this trend was less clear than
DNAse. The DNAse curve for auSG trend suggested a
decay in absorbance after 130 min. Analogous to the
classical sh-method, the intensity of the Abs.260 nm
signalwas higher for auVFLP than auSG.NativeVFLP
tissue had, on average, higher dsDNA content relative
to SG (figure 3(B)).

Final dsDNA content in the automated ECM
derived from either tissue was significantly reduced
compared to native tissue, but not significantly dif-
ferent from ECM derived using the classical sheet
method suggesting final DNA compliance in the qual-
ity of the decellularizedmaterials.H&Ehistology ana-
lysis (figure 3(C)) shows a reduction of intact nuc-
lei when comparing native vs decellularized tissues
for either VFLP-ECMor SG-ECM. This result aligned
with the DNA removal quantification within the final
ECM shown in figure 3(B) (nested plot). Further-
more, muscle fibers and cytoplasm (Trichrome stain-
ing, in red) from VFLP showed improved preserva-
tion in the final ECM compared to the SG tissue. Col-
lagen density within the materials (in blue) was well
preserved in both tissues.

3.4. auVFLP-ECM vs auSG-ECM for the derivation
of a VF targeted injectable ECM hydrogel
3.4.1. Rheologic properties from solubilized ECM
Rheological properties of the derived ECM hydrogels
were quantified during controlled temperature con-
ditions. The evolution of elastic (G’) and viscous (G”)
moduli as a function of time once 37 ◦C was reached
is shown in figure 4(i). For all samples, both moduli
increased with time; G’ increased more rapidly and
eventually crossed over G”. This cross-over time was
considered the approximate gel time [26]. Figure 6(i)
also shows that Col.1 h had the shortest gel time,
(2.06 ± 0.19 min). Longer moduli cross-over times
were observed for auVFLP-ECMh and auSG-ECMh
(8.79± 0.70min and 11.12± 1.17min, respectively).

Figure 4(ii) shows the complex viscosity (∗) of
all samples, plotted as a function of frequency. These
data can be fitted to a power–law relation, as shown
in equation (1) with n representing the power-law
exponent

η∗ = kf−n. (1)

In the equation, η
∗
is the complex viscosity given in

Pa-s, f is frequency in Hz, and k and n are constants.
The best set of data among the triad were fitted to
equation (1) by simple linear regression and the data
are summarized in table 2. Along with k and n val-
ues,R2 values are also provided to show the efficacy of
the fit.

Elastic modulus of all ECM samples was obtained
at a frequency of 1 rad s−1 (upon an equilibrated
state) are shown in figure 4(iii). Col.1 h, which
exhibited a gel modulus of 182.86 ± 38.72 Pa,
was the ‘stiffer’ of the samples. The stiffness of
auVFLP-ECMh (173.48 ± 24.88 Pa) and auSG-
ECMh (140.85 ± 17.71 Pa) were slightly lower.
shVFLP-ECMh (115.97± 10.12 Pa) and shSG-ECMh
(94.48± 25.97 Pa) hydrogels were the ‘softest’.

3.4.2. Discovery proteomics for automated derived
ECM
Protein composition of auVFLP-ECM and auSG-
ECMwere analyzed to characterize potential local tis-
sue composition for VF applications. Proteomic dis-
covery identified ∼2430 total proteins and sub-units
within the auVFLP-ECM contrasted with 2160 pro-
teins in auSG-ECM (figure 5(A)).

A large number of proteins (381 proteins) were
uniquely identified for the auVFLP contrasted with
115 proteins in auSG. Figure 5(B) shows fold change
analysis using Log2 of the abundance difference
between auVFLP and auSG-ECM for the 2051 detec-
ted proteins. The significance threshold was delim-
ited by an absolute fold change greater than 2 and
a p-value lower than either 0.05 or 0.01. Thirty-one
proteins were in higher abundance in auSG-ECM. In
addition, there were 73 proteins contained in a larger
quantity in auVFLP-ECM than in auSG-ECM. Data-
points for proteins GO-identified within the protein
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Figure 4. (I) Representative curves showing the gelation kinetics of various ECM samples (Col.1 h, auSG-ECMh, auVFLP-ECMh)
plotted in terms of the elastic (G’) and viscous (G”) modulus. (ii) Complex viscosity vs frequency of ECM gels, (iii) Elastic
modulus (G’) of ECM gels at 1 rad s−1.

Table 2. Comparison of the complex viscosity of ECM hydrogels.

ECMs
Gelation
time (min) k n R2

Col.1h 2.06± 0.19 31.4 0.854 0.99
auVFLP-ECMh 8.79± 0.70 24.99 0.917 0.99
auSG-ECMh 11.12± 1.17 32.02 0.849 0.99
shVFLP-ECMh 4.14± 0.24 22.12 0.915 0.99
shSG-ECMh 6.12± 0.85 17.35 0.93 0.99

class group of ECM proteins were indicated in green
and labeled by name in the plot.

Figure 5(C) shows the auVFLP-ECMoverall com-
position of identified ECM-related proteins; collagen
was the third most representative group (figure S6
presents Log2 fold change bar plot using LFQ

3.5. auVFLP-ECMh effect in Macrophage (MΦs)
Endotoxins (LPS) are commonly used in vitro to
polarize MΦs towards a pro-inflammatory pheno-
type [21, 22, 27, 28]. LPS titration was used to
assess expression of inflammatory-related markers in
MΦs cultured on auVFLP-ECMh, Col1.h, and TCP
(figures 6(A) and (B)).

THP1 MΦs were cultured with LPS for 48 h, and
CCR7 (inflammatory marker) was measured via RT-
qPCR. Also, TGF-β1 was included due to its role in
fibrosis (all genes are shown in figure 6(C)). Increased
expression of CCR7 was observed at all concentra-
tions of LPS in MΦs cultured on Col.1h and TCP, but
not in cells cultured on auVFLP-ECMh. The differ-
ence in expression of Col1.h and TCP was not stat-
istically significant between 50 and 100 ng ml−1 of
LPS. These data suggest that the expression of CCR7
can be modulated by the auVFL-ECM environment.
TGF-β1 expression in MΦs on all the materials was
not significantly different.

3.6. Optimizing the exposure time via monitoring
the Abs. 260 nm to derived auVFLP-ECM
VFLP (1 g) was exposed for 100 min per reagent
(i.e. NaDeox and DNAse) to evaluate the highest

peak and plateau in abs.260 nm, particularly for the
NaDeox phase. The monitoring profile is shown in
figure 7(i).

Overall, an intensity peak was observed ∼1.6×
higher for the NaDeox stage after 100 min of treat-
ment compared to 60 min (dashed profile super-
posed from figure 3(Bii) for auVFLP). This outcome
suggests extended exposure time to NaDeox led to
increased removal of nucleic acids or other analytes
capable of absorbing the spectroscopic signal. Dur-
ing the last 10 min of detergent exposure, a lower
slope in the signal trend was observed, which may
indicate a plateau. For DNAse, the curve depicted a
linear, incremental trend for the first 20–30 min of
treatment and a considerable reduction in the signal
after 60 min.

4. Discussion

Decellularized ECM scaffolds are of interest to the
research and clinical communities, given their unique
regenerative and cell-modulatory properties [10].
The decellularization process mainly focuses on the
removal of unwanted immunogenicmolecules within
the tissue while preserving other bioactive compon-
ents. A variety of decellularization methods have
been developed, in part, due to the need for tissue-
specific adjustments and lab-specific requirements.
These protocol adjustments, however, likely limit
standardization and optimization of effective pro-
tocols across labs and during commercial manu-
facturing [29]. Although reports correlate the effi-
ciency of decellularization with the reagents used
and their exposure times, this association remains
poorly understood [30, 31]. A robust tool/technique
to track the effectiveness of decellularization could
facilitate the study of relevant process parameters
that impact the effectiveness and efficiency of the
process.

Geerts et al described a cell removal monitor-
ing approach via computer tomography. However,
the instrumentation required is not readily available
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Figure 5. A. Venn diagram showing the number of unique proteins identified in auVFLP-ECM (red), auSG (blue). The number of
common proteins identified for both material is quantified within the intersected area colored on purple. B. Volcano plot of the
Log2 fold change (FC) of the ratio between auVFLP and auSG as a function of the p-values. The blue and red region were
delimited by p value < 0.05 and a FC of at least±2 (n= 3). The points representing ECM associated proteins were colored on
green and those protein with a p value < 0.05 were label with its corresponding gene ID. C. Pie chart for the auVLFP-ECM
disclosing the proteins sub-unites identified and associated with ECM.

in labs, could be difficult to translate to larger-scale
manufacturing, and adds high costs to the entire pro-
cess [32]. FinalDNAcontentwithin the decellularized
ECM is commonly used as an end-measurement to
evaluate the effectiveness of the decellularization pro-
cess. Although specific dsDNA kits are currently used
to measure the final amount of DNA, the monitor-
ing of DNA removal during the process using spec-
troscopic technics (widely available in laboratories)
could become an important measuring tool [8, 33].
Developing a technique based on absorbance spectro-
scopy to monitor decellularization via tracing nucleic
acid removal from the tissue is likely to facilitate the
optimization of protocols and a platform to control
efficiency.

The present study decellularized two model tis-
sues from the upper airway to determine the useful-
ness of absorbancemeasurements formonitoring and
optimizing decellularization. Although absorbance at
260 nm is an accepted measurement for nucleic acids
detection and quantification, other analytesmay con-
tribute to the signal. DNA within the SG-tissue (nat-
ive) was tagged using a permeable nuclear fluoro-
phore (Hoechst 33258) prior to decellularization
(figure S3(A)) to determine the specific contribution
of DNA to the tracing signal. Absorbance and reagent
fluorescence values, measured from the bioreactor

effluent, were plotted as a function of exposure time
(figure s3(Bi)). The trend between absorbance and
Hoechst-fluorescence curves were analogous using
NaDeox supporting our observation that DNA con-
tributes to the signal. Values at every point for fluor-
escent profile during DNAse treatment (region b)
were substantially lower than absorbance during the
same stage. This difference in spectroscopy readings
(Fluorescence vs. Abs. 260 nm during the DNAse
treatment) aligns with findings from Vekshin et al,
which showed lower fluorescence by DNA-Hoechst
complex when hydrolyzed with DNAse [34]. DNA-
hydrolysis via the DNAse nuclease reaction affected
the fluorescent signal but did not hinder absorbance
tracing, likely due to the increased absorption capa-
city of nucleotides compared to DNA or RNA strands
[35]. This finding enabled us to build release pro-
files or a combination between release profile and
nucleotide concentration in solution, as shown in
figures 2, 3, and 7. To the best of our knowledge,
these profiles are the first characterization of decel-
lularization dynamics and warrants further investiga-
tion.

One of the advantages of reading absorbance val-
ues over time is that they can be applied to tradi-
tional decellularization methods (manual methods).
When using the nucleic acid tracking technique for
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Figure 6. A. Overview schematics for the biomaterial testing comprised of auVFLP, THP-1 differentiated macrophages (MΦs),
and endotoxins stimulation. B. Workflow depicting MΦs cultured in 3D with the ECM-hydrogels (auVFLP-ECM or Col.1h) upon
LPS stimulation. C. RT-qPCR data for CCR7, associated with M1-like phenotype, and TGF-β1 gene associated with M2
like-phenotype. The error bars represent SEM, ∗ = p value< 0.05, (n= 3).

the classical sheet (sh) batch method to decellular-
ize both shVFLP and shSG (figure 2(B)), the pro-
file for nucleic acids in solution resembled a cumu-
lative release plot where the absorbance (concentra-
tion) increased as a function of reagent exposure
time. The shVFLP profile had higher absorbances at
every time point compared to shSG during the deter-
gent (NaDeox) stage, suggesting either higher initial
DNA content or higher nucleic acid release from the
VFLP to the liquid phase when compared to SG (or
a combination of both factors). This finding is an
example of how this technique can be used to com-
pare the decellularization of two tissues using the
same protocol. This processmay help predict the final
decellularization outcomes as well as optimize the
final product by improving our understanding of the
dynamics during the decellularization process at each
step.

Absorbance readings can also be used inline dur-
ing automated processes to detect differences in the
tissue or sample preparation by comparing release
profiles. Profiles obtained for automated decellular-
ization showed higher intensity in the signal for

VFLP decellularization compared to SG, supporting
the notion that this technique can detect differences
in the initial nucleic acid content between tissues.
When quantifying initial dsDNA content within the
native tissue, VFLP had more dsDNA than SG on
average. The correlation between the quantity of tis-
sue loaded into the bioreactor and signal intensity is
shown for VFLP in figure S2. These data suggest the
method can be used to monitor higher DNA concen-
trations under the parameters tested. When compar-
ing across decellularization methods (figures 2(Bi),
3(Bii), and 7 for the VFLP), the au-method showed
higher absorbance values at every time point than the
classical sh-method. It is important to highlight that
the same reagents were used, but shorter exposure
times were implemented for the automated method.
Higher release of dsDNA in the au method may be
related to the smaller material size (larger available
area) in combination with the agitation in the biore-
actor. End-point testing such as dsDNA content (nes-
ted plots) and histology corroborate the significantly
reduced dsDNA content and the absence of intact
nuclei within the decellularized ECM. This finding
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Figure 7. A (i) Monitoring profile obtained for the automated decellularization method for 1 gr of auVFLP tissue, following the
protocol listed in table S1 B(iii) decellularization stages (W= wash and reag.= reagents a, b, or c). Dash profile represents the
superposition of the monitoring curve obtained for the tissue under the 4 h protocol as depicted in figure 3(B)ii, table S1 B(ii), for
auVFLP-ECM. The nested sub-plot shows dsDNA content quantification for VFLP tissue and decellularized ECM (native and
ECM). The error bars represent the SEM (n= 3), ∗p < 0.05.

demonstrates monitoring absorbance can be used to
compare manual and automated methods, and that
this information can be used to further improve each
process.

One of the goals of decellularizing tissues is to
have a clinically feasible material. ECM scaffolds can
be transformed into an injectable hydrogel to be
delivered via minimally invasive methods to the site
of injury. We focused on potential applications for
airway indications where hydrogels can be injected
into injured VFs to reduce scarring and promote
tissue regeneration. Characterization of rheological
and bulking properties of ECM hydrogels is critical
to determine clinical utility via injection. The time-
dependent behavior of the moduli of all samples
(figure 4(i)) was a stage where G” initially dominated
(i.e. had higher values) G’. During this stage, samples
were in a solution state (confirmed by steady shear
viscosity, data not shown). With increased time, the
samples underwent gelationwith the cross-over point
reflecting an approximate gel time. A true gel point,
based on the Winter-Chambon criteria, is not appro-
priate for the current study but will be considered in
future work [36]. Eventually, moduli values tended to
plateau with G’ dominating G” as they reached a gel
state. Gelation occurs as a result of the self-assembly
of proteins and polysaccharides inside ECMmatrices
[20]. We observed a slightly delayed gelation time
for auVFLP-ECMh and auSG-ECMh compared to
Col.1h. This delay could be attributed to interactions

between ECM contents such as laminin, galectin, and
proteoglycans. The volcano plot in figure 5(B) shows
that auVFLP-ECMhhad a higher content of some col-
lagen subunits compared to auSG-ECMh, but not all
were significant. Therefore, the slightly faster gelation
of auVFLP-ECMh compared to auSG-ECMh may be
related to protein content, which could affect the
self-assembly of collagen fibers during gelation [37].
Although collagen is a well-established hydrogel, fast
gelation may not always be desirable as it may cre-
ate clinical difficulties during injection. Delayed gela-
tion of auVFLP-ECMh and auSG-ECMhmay provide
improved delivery and spread at the location of the
application [38].

Injectability of hydrogels for airway repair is often
characterized via complex viscosity plotted as a func-
tion of frequency and fitted to a linear equation.
Figure 4(ii) shows the complex viscosity of all samples
to show a power-law behavior with respect to fre-
quency. We observed a slope close to −1 and an
absence of a Newtonian plateau, consistent with gel-
like materials [39]. Similar shear-thinning behavior
has been observed in other ECM hydrogels [40]. The
k values obtained by fitting the data show that auSG-
ECMh and Col.1h had similar viscosities. auVFLP-
ECMh had a slightly lower viscosity, which may be
due to limited interaction sites of collagen molecules
by other components inside the ECM [40]. Gel elastic
modulus values of auVFLP-ECMh and auSG-ECMh
hydrogels were similar to collagen (figure 4(iii)).
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The auSG-ECMh hydrogel appeared slightly softer
than auVFLP-ECMh based on lower elastic modulus.
Higher content of fibrillin in auSG-ECMh may con-
tribute to this lowermodulus given the flexible nature
of fibrillin proteins, but further targeted protein com-
position studies are needed [41, 42]. The auVFLP-
ECMh showed a higher gel modulus when compared
to Col.1h, suggesting a higher proportion of com-
ponents, including other collagens. Of note, com-
plex viscosity results (figure 4(ii)) reflect both elastic
and viscous contributions to the rheological response,
whereas the modulus data in figure 4(iii) are related
to elasticity from the effective network junction. A
sample with the smallest k value does not necessar-
ily possess the lowest modulus. In general, we anti-
cipated rheological properties would also be affected
by decellularization or ECM-solubilization such as
reagent sequence, exposure time, changes in pH, tem-
perature, and salt concentration during ECM diges-
tion [43, 44]. It is encouraging that, despite longer
gelation times, the properties of VFLP and SG hydro-
gels obtained through the automated process were
similar to Col.1h when compared to samples decel-
lularized with the classical sh-method. Comparable
rheological properties of the ECM gels produced via
the automated processes indicate potential utility as
injectable materials.

The unique protein composition and the rhe-
ological properties made auVFLP a strong candidate
for in vitro characterization. Given the known abil-
ity of ECM scaffolds to modulate macrophage polar-
ization [45], we tested the effects of auVFLP hydro-
gel upon in vitro polarization when challenged with
LPS. When differentiated THP-1 MΦs were cultured
on Col.1h (the hydrogel control) and TCP, increased
CCR7 (classical marker associated with inflammat-
ory phenotypes) expression was observed. auVFLP-
ECMh, without LPS, did not stimulate the expres-
sion ofCCR7. Also, no statistically significant increase
in CCR7 expression was observed whenmacrophages
were grown in auVFLP-ECMh and exposed to higher
concentrations of LPS. This overall response suggests
a potential modulatory effect of auVFLP-ECM upon
THP-1MΦs. Interestingly, we did not measure differ-
ences in TGF-β1 expression after LPS stimulation, a
cytokine linked to fibrosis in VF fibroblasts. The effect
of the ECM biomaterial on TGF-β1 requires further
investigation.

Given the potential modulatory properties of
auVFLP-ECM on macrophages, we used the mon-
itoring tool described in this study to optimize
VFLP decellularization using the auVFLP method.
We approached the decellularization optimization
by seeking to increase nucleic acid release dur-
ing the detergent stage via longer exposure times
(figure 7(Ai)) when compared to the initial pro-
tocol used (monitoring curve shown in figure 3(Bii).
We used 1 g of VFLP during an extended exposure
time of 100 min of each reagent (i.e. NaDeox and

DNAse) for a total of 5 h. The protocol is listed in
table S1(Biii), and the monitoring profile is shown
in figure 7(Ai) where the dashed monitoring profile
within the plot represents the superimposed profile
from figure 3(Bii) to facilitate comparisons. As expec-
ted, the highest values were obtained in response to
NaDeox, which likely reduced the quantity of DNA
available for subsequent DNAse treatment, result-
ing in a lower intensity profile. This finding suggests
that an adequate exposure time for NaDeox may be
between 80 and 90minwith a DNAse exposure of 30–
50 min for 1 g of starting ECM. These results serve
as an example of how this tool can be used to obtain
critical process information of this complex process
to optimize decellularization protocols.

Interestingly, as shown in figure 7(Ai), increased
exposure modified the intensity trends of the curves
between stages (i.e. the absorbance for the NaDeox
was significantly higher than DNAse). This result
may support decellularization mechanism(s) where
the detergent penetrates the tissue disrupting cells
and nuclear membranes, but exposure time and/or
agitation contribute to detachment of larger DNA
strands from the ECM. Also, the release profiles for
DNAse steps suggest DNA strands remained available
for nuclease hydrolysis facilitating the release from the
tissue into the liquid phases. Figures 2 and 3 show
analogous intensity for the release profiles between
NaDeox and DNAse. However, figure 7 shows a shift
in intensity between the detergent and nuclease steps.
This raises an important point regarding the effects
of shifting DNA release from the nuclease stage to the
detergent stage and how this shift impacts the mater-
ials’ regenerative properties. This shift is important
because the balance between reagent sequence, time
of exposure, and ECMbiomaterial properties remains
poorly understood.

It is important to note that the technique is lim-
ited to nucleic acid tracing (e.g. DNA), and other
macromoleculesmay not be detected or affect the sig-
nal. Therefore, other inline spectroscopy tools could
be tested in future studies to evaluate the potential use
of monitoring other key components during decellu-
larization. Another limiting factor for this technique
is the requirement of a low UV background from
the reagents or solution. For example, the combin-
ation of NaDeox and TE (figure S4) interfered with
the linearity of lower DNA concentrations suggest-
ing that the solution should be evaluated prior to tra-
cing nucleic acid. Nevertheless, a tool to monitor and
promote faster DNA removal is promising and can
be incorporated into a fully automated system. The
monitoring method has the potential to be applied
to a large number of decellularization protocols used
to obtain ECM scaffolds from multiple tissues. Data
from the present study provide a foundation to adjust
decellularization parameters to promote an increased
release of DNA and guide and optimize decellulariz-
ation protocols.
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5. Conclusion

Absorbance spectroscopy at 260 nm can be used to
monitor decellularization processes by tracing nuc-
leic acid release from tissues to the liquid phase
(i.e. bioreactors effluent) as a function of reagent
exposure time. The derived ECMs (VFLP or SG),
when solubilized and gelled, produced a bioma-
terial whose rheological properties resemble other
ECM hydrogels used for VF applications. Also,
the auVFLP-ECM gel modulated the cell behavior
of differentiated THP-1 MΦs upon LPS stimula-
tion. The developed spectroscopy approach enables
optimizing decellularization protocols in real-time,
advancing the field towards a controlled process
for either semi-batch (au) or batch (sh) derivation
of VF-specific ECM scaffolds as well as other soft
tissues.
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