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Abstract

Extracellular matrix is a key component of many products in regenerative medicine. Multiple 

regenerative medicine products currently in the clinic are comprised of human or xenogeneic 

extracellular matrix. In addition, whole-organ regeneration exploits decellularized native organs as 

scaffolds for organotypic cell culture. However, precise understanding of the constituents of such 

extracellular matrix-based implants and scaffolds has sorely lagged behind their use. We present 

here an advanced protein extraction method using known quantities of proteotypic 13C-labeled 

peptides to quantify matrix proteins in native and decellularized lung tissues. Using quantitative 

proteomics that produce picomole-level measurements of a large number of matrix proteins, we 

show that a mild decellularization technique (“Triton/SDC”) results in near-native retention of 

laminins, proteoglycans, and other basement membrane and ECM-associated proteins. Retention 

of these biologically important glycoproteins and proteoglycans is quantified to be up to 27-fold 

higher in gently-decellularized lung scaffolds compared to scaffolds generated using a previously 

published decellularization regimen. Cells seeded onto this new decellularized matrix also 

proliferate robustly, showing positive staining for proliferating cell nuclear antigen (PCNA). The 

high fidelity of the gently decellularized scaffold as compared to the original lung extracellular 
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matrix represents an important step forward in the ultimate recapitulation of whole organs using 

tissue-engineering techniques. This method of ECM and scaffold protein analysis allows for better 

understanding, and ultimately quality control, of matrices that are used for tissue engineering and 

human implantation. These results should advance regenerative medicine in general, and whole 

organ regeneration in particular.
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1. Introduction

Decellularized scaffolds for regenerative medicine are created by removing intact cells from 

tissues or organs using detergents, nucleases, and other reagents [1]. The resulting scaffold is 

comprised of extracellular matrix (ECM) proteins that have important physical and 

biochemical roles in organ function. Use of such scaffolds has rapidly expanded in both the 

laboratory and in the clinic [2], yet precise knowledge of the components of these matrices 

remains elusive. Standard proteomics techniques do not render reproducible or quantitative 

information about crosslinked and highly insoluble matrix elements. Immunostaining, 

ELISA, and immunoblotting are confounded by antibody cross-reactivity and difficulties in 

sample preparation, as well as limits on precise quantification. Identification and 

quantification of the individual components of these bioactive matrix materials is important 

to understand outcomes following in vitro or in vivo use, and for designing strategies to 

improve scaffolds for tissue engineering. Using recently developed proteomic techniques 

[3], we present a detailed, quantitative comparison of the ECM that results from two 

different decellularization regimens that are used in whole lung engineering. These 

quantitative proteomics analyses exceed, both in precision and in completeness, all other 

similar scaffold analyses published to date [4–7] and serve to illustrate the power of this 

novel method for ECM characterization.

In total, 71 ECM proteins were quantified in native and decellularized lungs. We present the 

results in 7 categories: proteoglycans; matricellular proteins; other basement membrane and 

ECM-associated proteins; laminins and fibronectin; elastin-related proteins; cellular 

proteins; and collagens. In some cases, immunofluorescence and Western blotting were used 

to corroborate the proteomic results of individual proteins, to visualize the differences 

between scaffolds, and to add spatial information for key basement membrane proteins. 

Lungs that are decellularized using the mild method described herein retain basement 

membrane and basement membrane glycoproteins and proteoglycans to a greater degree 

than our previously published method (6). We observed near-native retention of a large 

variety of matrix components that bind cells and support biological activity. However, a 

trade-off was noted, in that mild decellularization resulted in an increase in remnant cellular 

proteins that persisted within the scaffold, particularly cytoskeletal proteins. Overall, the 

results of this study show the feasibility of deriving absolute quantification of a large number 

of matrix molecules within whole tissues. Armed with this information, it will be possible to 
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tune decellularization and organ culture strategies to better mimic the structural complexities 

of native tissues.

2. Materials and methods

2.1. Organ procurement

All animal work was performed in accordance with AAALAC guidelines and was approved 

by the Yale Institutional Animal Care and Use Committee. Lungs were harvested from adult 

(~3 months old) Fischer 344 male rats [8] and prepared for decellularization.

2.2. Decellularization – Triton/SDC

Lungs were perfused with a series of reagents including antibiotics/antimycotics, phosphate 

buffered saline (PBS) containing Ca2+ and Mg2+, and 0.0035% Triton X-100. This was 

followed by a benzonase endonuclease step, wherein lungs were inflated with the enzyme 

and incubated at room temperature for 30 min a rinse with a 1 M NaCl solution was 

performed, followed by rinsing with PBS without divalent ions. A series of washes with 

increasing concentrations of sodium deoxycholate (0.01%, 0.05%, 0.1%) was applied, 

followed by a 1 h benzonase incubation after perfusion of the enzyme into the lungs via the 

pulmonary artery. Finally, the lung was perfused with 0.5% Triton X–100, followed by 

extensive rinsing with PBS and antibiotics/antimycotics for 48 h at room temperature 

(~25 °C). Lungs were perfused with the antibacterial/antifungal solution for 48 h at 37 °C.

2.3. Decellularization – CHAPS

Lungs were perfused at 37 °C via the pulmonary artery with 500 ml of CHAPS-based 

decellularization solution [8], pH 12.4. Upon conclusion of detergent application, lungs were 

treated with benzonase endonuclease (90 U/ml) by inflation of the lungs with the benzonase 

solution via the trachea and incubated for 1 h at 37 °C. Following benzonase, lungs were 

rinsed extensively with PBS via the pulmonary artery. Fully rinsed lungs were mounted in a 

sterile bioreactor and perfused with antibiotics/antimycotics, as described for Triton/SDC.

2.4. Histology and immunofluorescence

Fixed, dehydrated tissues were processed by standard histological techniques at the 

histological core facilities. Unstained sections were deparaffinized and stained for laminin-

γ1, fibronectin, and proliferating cell nuclear antigen (PCNA) by indirect 

immunofluorescence. Tissue designated for frozen sections was fixed with formalin and 

embedded in optimal cutting temperature (OCT) gel. The embedded tissue was frozen over 

dry ice for ~25 min, then transferred to the −80C freezer until sectioned. Sections were 

thawed to room temperature and rehydrated in PBS for 10 min to stain for collagen IV alpha 

(α) chains. See Detailed Online Methods.

2.5. Western blot

Whole lower right lobe lung samples were lysed from native and decellularized lungs (both 

Triton/SDC and CHAPS preparations) with 500–1000 μL of RIPA Buffer (Invitrogen) 

containing protease inhibitors (Roche), rocked for 1 h at 4 °C, and centrifuged at 14,000 rpm 
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to collect the supernatant. Reducing Laemmli buffer was added to all lysed lungs samples. 

After normalization for differences in buffer volume for each sample, equal volumes of each 

lung sample were loaded on a 4–12% SDS-page gel (Bio-Rad) for separation and transferred 

to polyvinylidene (PVDF) membrane for Western blot analysis. a-actin (Abcam) 1:500, 

MHC-1 (BD transduction laboratories) 1:500, MHC-2 (Abcam) 1:1000 overnight at 4 °C to 

probe for proteins of interest.

2.6. Repopulation and culture of seeded scaffolds

Decellularized lung extracellular matrix scaffolds were prepared as described and mounted 

in biomimetic bioreactors as described previously [9]. After terminal sterilization with 

antibiotics and antimycotics, 100–150 million rat lung microvascular endothelial cells were 

introduced into the decellularized lung scaffolds via the pulmonary artery and pulmonary 

veins in series. Mixed lung cell populations isolated from neonatal rats were subsequently 

introduced into the scaffold via the trachea [8]. Pulsatile flow via the pulmonary artery was 

begun 1 h after seeding the mixed lung cell population at ~1 mL/min and constructs were 

maintained in 50% DMEM + 10% FBS/50% MCDB-131 with 1% penicillin/streptomycin 

for 4 days. Half the volume of media was changed on days 1 and 3, and the construct was 

harvested for analysis on day 4.

2.7. Sample preparation for proteomic analysis

Lyophilized native and decellularized lungs were pulverized in liquid nitrogen and processed 

as previously described [3]. Approximately 5 mgs of each lungtype (Native, CHAPS, Triton/

SDC) were processed in quadruplicate. Ten of 2 mm Zirconium oxide beads were added to 

each tube, and tissue was homogenized by a Bullet Blender® (Next Advance) on power 8 for 

3 min. Supernatants were sequentially extracted using high-speed centrifugation following 

vortexing in CHAPS, Urea, and CNBr buffers.

2.8. Detergent/chaotrope removal & protein digestion

The endogenous protein concentration of each fraction was determined by Bradford assay, 

prior to proteolytic digestion. Urea and CHAPS were removed from samples through the 

FASP protocol as previously described [10]. Briefly, 30 μgs of each sample was added to a 

10 kD molecular weight cut-off filter. Two levels of 13C6 labeled QconCAT standards (500 

amol/μl and 7.5 fmol/μl, 20 μl/injection; See Detailed Online Methods) were spiked into 

each sample as replicates to increase the quantifiable dynamic range. Samples were then 

reduced, alkylated, and digested with trypsin. Peptides were eluted into fresh tubes through 

3 successive washes with 30% acetonitrile. Peptides were concentrated and acetonitrile 

removed on a speed-vac and then brought up to final volume (60 μls).

2.9. Liquid chromatography tandem mass spectrometry

Samples were analyzed on the QTRAP®5500 triple quadrupole mass spectrometer 

(ABSciex) coupled with an Agilent 1200 LC system utilizing methods described previously 

[3]. A targeted, scheduled Selected Reaction Monitoring (SRM) approach was performed 

using the QconCAT standards as targets. Transition selection and corresponding elution 

time, declustering potential, and collision energies were specifically optimized for each 

Calle et al. Page 4

Acta Biomater. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



peptide of interest using Skyline [11]. Method building and acquisition were performed 

using the instrument supplied Analyst®Software (Version 1.5.2).

2.10. Protein abundance calculations and statistics

After filtering the data for LTQ and LOD (see Detailed Online Methods), the remaining 

protein concentrations for 4 lungs in each category (Native, CHAPS, and Triton/SDC) and 2 

concentrations of QconCAT spikes were used to calculate a mean and standard deviation for 

protein concentration. Total lung weight was used to convert protein concentration to total 

quantity of protein per lung. N values represent the number of biological replicates. Standard 

error of the mean (SEM) was calculated using the mean, standard deviation, and n values.

2.11. Statistical analysis

Mean, SEM, and n values were entered into GraphPad Prism for statistical analysis. 

Statistically significant differences were determined using the Holm-Sidak method for 

multiple comparisons, with alpha = 5%. Proteins were analyzed as one group including 71 

proteins. Each row was analyzed individually, without assuming consistent standard 

deviation (SD). Results, including p-values and whether the differences analyzed were 

statistically significant are shown in Supplemental Table 5.

3. Results

3.1. Quantitative proteomics

We have previously developed a sequential digestion method that is effective at solubilizing 

essentially all proteins of the lung extracellular matrix, including those that are insoluble by 

conventional methods [3]. Of note, urea, cyanogen bromide CNBr, and trifluroacetic acid 

(TFA) are used to enrich for proteins with varying levels solubility and to chemically digest 

otherwise insoluble ECM (iECM; Supplemental Fig. 1A) into discrete peptides for detection 

by liquid chromatography-tandem mass spectrophotometry (LC-MS/MS). Of interest, 

basement membrane proteins are found in approximately equal quantities in fractions 4 and 

5, while fibrillar ECM proteins are located almost exclusively in fraction 5 (Supplemental 

Fig. 1A); these fractions are not included in most proteomic ECM analyses.

A targeted LC-selected reaction-monitoring (SRM) assay was used to identify and quantify 

unique peptides in the digested lung-derived peptide mixture. Absolute quantification of the 

proteins of interest is achieved by adopting the quantitative concatamer approach [12] 

(QconCAT; where the QconCAT is a concatamer of amino acids that generates a collection 

of reference peptides upon tryptic cleavage), and by using 13C stable isotope labeled (SIL), 

“heavy”, concatenated peptides as reference quantities for unlabeled proteins in our samples 

of interest (Supplemental Fig. 1B, and Hill et al. [3]). Because heavy reference peptides 

share an amino acid sequence with the endogenous peptides but are increased in weight by 6 

Da, they co-elute with the corresponding endogenous peptides in space and time. This 

generates coincident signals on the intensity-to-time plot obtained by LC-SRM, but offset 

signals on the signal intensity-vs.-mass/charge ratio plot.
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This allows distinction between SIL peptides and the peptides derived from experimental 

samples. The heavy peptides are spiked into samples at known concentrations, and therefore 

the integrated peak areas can be used as reference peaks for the naturally derived peptides of 

known identity but unknown quantity (Supplemental Fig. 1B).

Absolute quantification of peptides, and therefore proteins, in native and decellularized lung 

samples allows direct comparison between ECM scaffolds. Furthermore, the majority of the 

peptides used in this study utilize sequences common to multiple species – 76% of the 

proteins identified utilized sequences shared between three species: rat, pig, and human 

(Supplemental Tables 1 and 2). This fact facilitates the use of the quantification methods 

described here to compare the impact of different treatment methods on scaffolds of 

different origins. More broadly, this fact makes these tools widely applicable to a variety of 

experimental and clinical model systems.

3.2. Generation of decellularized rat lung extracellular matrices

Decellularization was performed using two series of reagents: 1) a CHAPS-based (0.4%) 

solution of pH > 12, performed at 37 °C, with washes at room temperature as previously 

reported ([8,9]; hereafter referred to as “CHAPS”); or 2) a series of low-concentration 

detergent solutions containing Triton-X-100 (0.0035% and 0.5%) and sodium deoxycholate 

(SDC; solutions from 0.01 to 0.1%), performed at room temperature with solutions of pH 

7.4–8.0 (see Section 2).

3.3. Quantification of proteins in native lung

Native and decellularized lungs were grossly structurally intact (Fig. 1A–C). Transmission 

electron microscopy showed that, in decellularized lungs, cellular components appeared 

depleted, while basement membranes in the alveolar regions remain intact (Fig. 1D–F). Total 

protein content in a whole, intact native left lung, based on the 71 proteins assayed here, is 

2.7E4 ± 2.4E3 pmol. (Fig. 1G, n = 4 biological replicates per group). Cellular proteins 

account for 80.7% of total protein in native lung (2.2E4 ± 2.4E3 pmol); collagens make up 

10.7% (2.9E3 ± 2.5E2 pmol); laminins make up 1.8% (4.7E2 ± 27 pmol); the other 

categories of ECM proteins together make up 6.8% (1.8E3 ± 45 pmol).

When ordered by abundance, the majority of the 10 most abundant non-cellular proteins in 

native lung are collagens (Supplemental Table 3). This class of protein provides the majority 

of the bulk and structural framework for all types of ECM. Collagen I is a ubiquitous 

structural component of all tissues and organs, while collagen VI shows greater temporal 

and tissue-specific expression; it is especially abundant in lung [13]. The 10 least abundant 

non-cellular proteins (Supplemental Table 4) are largely associated with the fibrillar or with 

the basement membrane components of the ECM, and likely serve functions in mediating 

ECM-ECM and cell-ECM interactions.

Quantification of these matrix proteins in an intact organ provides a benchmark for 

comparison of subsequently decellularized scaffolds. In addition, this information can be 

used as a point of comparison for other in vitro studies wherein tissue or organ specific cells 

are producing matrix, and for the selection of culture substrates for stem cell or other cell 

culture work.
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3.4. Analysis of protein content in decellularized lung scaffolds

Triton/SDC lung scaffolds contain more total protein than CHAPS lungs (9.5E3 ± 4.4E2 

pmol vs. 4.2E3 ± 2.1E2 pmol protein, respectively p < 0.0001; Fig. 1G). Of note, the 

absolute quantities of collagens and laminins are similar in Triton/SDC lungs and native 

lungs (2.9E3 ± 2.5E2 pmol vs. 3.0E3 ± 2.9E2 pmol, p = 0.7133; and 4.7E2 ± 27 pmol vs. 

4.1E2 ± 71 pmol, p = 0.4524, respectively). The remaining ECM proteins are present in 

Triton/SDC lungs in similar proportion to native lung (11.7% vs. 6.8% of total protein; 

24.3% vs. 35% of ECM protein) but are significantly reduced in quantity (1.1E3 ± 1.6E2 

pmol vs. 1.8E3 ± 45 pmol, p = 0.0043). Overall, Triton/SDC lungs show greater overall 

preservation of ECM components found in native lung than CHAPS lungs.

3.5. Proteoglycans

Proteoglycans confer structure to matrix in part by organizing collagen and elastin fibrils in 

space [14,15] and contribute to lung elasticity and to alveolar stability at low and medium 

lung volumes [16], thereby enabling gas exchange. We quantified 8 proteoglycans in native 

and decellularized lungs (Fig. 2A). Of the proteoglycans assayed here, lumican is the most 

abundant in native lung (2.4E2 ± 14 pmol per left lung). Lumican is also one of only 3 

proteoglycans that exhibits significant loss in Triton/SDC lungs as compared to native lung.

The remaining 5 of the 8 proteoglycans assayed here are present in Triton/SDC scaffolds in 

quantities that are not significantly different from native lung: asporin, biglycan, decorin, 

heparan sulfate proteoglycan 2 (perlecan), and versican (see Supplemental Tables 5 and 6 for 

statistical analysis and absolute quantities, respectively). In addition, all 8 proteoglycans 

investigated here are more abundant in Triton/SDC lungs than in CHAPS lungs. This may be 

due to the fact that the ionic interactions between the charged sugar moieties on 

glycoproteins and proteoglycans and the other ECM components are more easily abrogated 

by the zwitterionic CHAPS than by non-ionic Triton-X-100. Indeed, 2 of the proteoglycans, 

asporin and versican, are nearly absent in CHAPS lung scaffolds, with a protein content of 

less than 1 pmol per left lung. In total, when comparing CHAPS-based decellularization to 

the Triton/SDC-based method, there is a significant net 4-fold increase in proteoglycans, as 

measured by protein mass (68 ± 6.0 pmol in CHAPS vs. 3.0E2 ± 39 pmol in Triton/SDC; p 
= 0.0089).

3.6. Matricellular proteins, basement membrane and ECM-associated proteins

We investigated 6 matricellular proteins in native lungs and decellularized scaffolds (Fig. 

2B). The presence of matricellular proteins is important to promote cell migration, 

differentiation, and function. Among these proteins in native lung, there is the greatest 

quantity of periostin (1.4E2 ± 7.5 pmol per left lung), followed by fibulin-5 (72 ± 1.6 pmol).

Triton/SDC produces lungs that retain four of the 6 proteins in this category at near-native 

levels (periostin; transforming growth factor, beta-induced; thrombospondin-1; and tenascin 

X), while CHAPS lungs only retain a single protein in this category (thrombospondin-1) at a 

level similar to native lung (See Supplemental Tables 5 and 6). The increased loss of 

proteins in this category using the CHAPS method is likely due to the non-covalent 

interactions of matricellular proteins with other ECM, which confers a greater relative 
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solubility during the decellularization process. The difference in decellularization methods is 

greatest for periostin. Retention of periostin is encouraging for the purposes of reseeding 

with respiratory epithelium, since periostin is a ligand for the αvβ3 and αvβ5 integrins that 

enable adhesion and migration of other types of epithelial cells [17] and may provide a 

similar function for pulmonary epithelium.

We assayed 12 additional basement membrane and ECM-associated proteins in native and 

decellularized lungs (Fig. 2C) and found that 75% of these proteins (9 out of 12) are retained 

at near-native levels in Triton/SDC lung scaffolds. Of the proteins retained by Triton/SDC, 

nidogen-1 is by far the most abundant protein in native lung (native = 4.6E2 ± 28 pmol, 

followed by prolargin (1E2 ± 5.5 pmol), and fibulin-1 (51 ± 2.8 pmol). Nidogen-2 is also 

retained in Triton/SDC lungs (see Supplemental Tables 5 and 6). Since nidogens-1 and -2 

and other proteins in this category provide structural support as linkers between other ECM 

proteins, these proteins are likely to confer improved structural stability in Triton/SDC 

scaffolds [18]. Preservation of linker proteins also likely indicates diminished or minimal 

damage to the interstitial fibrillar proteins and basement membrane proteins. Overall, 67% 

of the matricellular proteins and 75% of the basement membrane and other ECM-associated 

proteins assayed here are preserved at native levels in Triton/SDC lungs, compared to 17% 

and 42% in CHAPS scaffolds, respectively. This represents a substantial improvement with 

respect to maintenance of native proteins in acellular lung scaffolds.

3.7. Adhesion proteins: laminins, fibronectin, and collagen IV

Laminins are an essential component of all alveolar, airway, and vascular basement 

membranes [19]. They promote cell adhesion and support organ-specific cell phenotypes. 

Therefore, we quantified 9 laminin subunits (Fig. 3A). Only one was diminished in 

Triton/SDC lungs (laminin α4, p = 7.301E-4, Triton compared to native). In contrast, only 

one of the laminin subunits assayed here was retained in CHAPS lungs (laminin β3, p = 

2.911E-4). Comparison of Triton/SDC lung with native lung shows that >90% of native 

laminin α-5, β-3, and ϒ1 were present in Triton/SDC lungs after decellularization. (see 

Supplemental Table 6). In contrast, the greatest retention of a laminin subunit in CHAPS 

lungs was that of α-5, which was present at 61% (26 ± 0.83 pmol) of native levels.

We also assessed the amount of fibronectin, a basement membrane component that promotes 

adhesion and migration, in our scaffolds. Very little (3.3 ± 0.55 pmol) was found in CHAPS 

lungs, while Triton/SDC lungs contain 6.3 ± 1.7 pmol – just over 30% of the amount of 

fibronectin found in native lungs. The presence of fibronectin is expected to enhance cell 

adhesion and proliferation of alveolar epithelium [20,21] and club cells, as well as vascular 

endothelium [22].

Immunofluorescence indicated that the overall distribution and abundance of these proteins 

is comparable to native lung. While staining for laminin γ1suggests faithful retention of the 

delicate alveolar structure (Fig. 3B–D), the pattern of fibronectin indicated that the protein 

may be somewhat damaged (Fig. 3E–G). Overall, these results indicate that the total 

amount, structural integrity, location, and cell adherence domains in laminin in Triton/SDC 

lungs are relatively intact.
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Bronchiolar and alveolar epithelium also rely on collagen IV for adhesion, differentiation, 

and migration [23]. To quantify this basement membrane component, we evaluated α2 and 

α5 chains of collagen IV. For both of these proteins, there was a positive trend in the 

abundance of these proteins in Triton/SDC lungs, as compared to CHAPS lungs 

(Supplemental Fig. 2A and Supplemental Table 6). Both proteins were retained with 

appropriate distribution in Triton/SDC lungs, as indicated by immunofluorescence with 

antibodies specific to the non-collagenous (NC1) cell-binding domains of these proteins 

(Supplemental Fig. 2B–G). Many of the fibrillar collagens (I, V, XIV, and XVII) and fibril-

associated collagen XII are also retained at native levels in Triton/SDC lungs when 

compared to native lung by quantitative proteomics (Supplemental Fig. 3A, B) and 

trichrome staining (Supplemental Fig. 3C–E).

3.8. Elastin and elastin-associated protein content

Elastin, a critical component for ECM mechanics, remains challenging to extract, digest, and 

quantify. Therefore, we probed for proteins physically associated with elastin instead. Fig 

4A shows that fibrillin-1 (1.0E2 ± 12 pmol), fibulin-3 (56 ± 6.2 pmol), and fibulin-4 (30 

± 1.0 pmol) are the most abundant in native lung. All elastin-associated proteins except 

fibulin-3 (i.e. 4/5) were found in Triton/SDC lungs in amounts equivalent to native lung. In 

contrast, 4 out of 5 of these proteins were significantly depleted in lungs treated with 

CHAPS (Supplemental Tables 5 and 6).

Consistent with these findings, relatively large islands of amorphous, electron-dense material 

typical of interstitial elastin is present throughout Triton/SDC lungs in images acquired 

using TEM (Fig 4B). These are not readily visible in CHAPS-treated lungs (Fig. 4C). 

Histological evaluation of these samples by Verhoeffvan Gieson staining indicates elastin 

fibers in the arterial walls and throughout the septae of native lung (Fig. 4D; black arrows) 

and both airways and vessels of Triton/SDC lungs (Fig. 4E). CHAPS lungs are fairly 

depleted of elastic fibers (Fig. 4F; white arrows).

3.9. Cellular proteins in acellular lung scaffolds

In addition to extracellular matrix proteins, we quantified 17 cellular proteins in native lung 

and acellular lung scaffolds: 9 cytoskeletal proteins and protein glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) are shown (Fig. 5A, B; additional 7 listed in Supplemental Table 

8). In the context of decellularized scaffolds, cellular protein can serve as readout of 

efficiency of cell removal. Of the proteins assayed here, the three most abundant proteins in 

native lung are β-actin (1.1E4 ± 1.7E2 pmol), α-actin (4.2E3 ± 1.5E3 pmol), and lamin A/C 

(2.0E3 ± 1.5E3). Of note, 6 of the 17 cellular proteins assayed show no statistically 

significant difference in abundance between native lung and Triton/SDC lungs. Overall, 

cellular proteins constitute 52% of the total protein in Triton/SDC lungs (Fig. 1G) that is 

represented by the peptides described here. In comparison, cellular proteins account for 19% 

of the total protein quantified in CHAPS lungs (Fig. 1G).

Western blot did not reveal a large amount of α-actin, however, perhaps due to protein 

conformational changes imparted by the harsh CHAPS treatment. In contrast, probing for α-

actin by immunoblotting in Triton/SDC lungs does indicate that there is a substantial amount 
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of α-actin in these scaffolds (Fig. 5C). Triton X-100 has been used for decades to separate 

cytoskeletal proteins (detergent insoluble) from other cytosolic components (detergent 

soluble) when used in low concentrations [24].

Both MHC-1 and MHC-2 molecules appear to be completely removed by both 

decellularization methods on immunoblotting (Fig. 5C), based on the antibodies used here. 

Hence, both methods may be effective at eliminating highly immunogenic MHC molecules. 

The immunological implications of implanting a scaffold with remnant cytoskeletal 

elements is unclear, though the highly conserved nature of cytoskeletal proteins between 

individuals likely means that their immunogenicity is negligible. Evaluation of DNA content 

in native lung and decellularized scaffolds with PicoGreen indicates that >98% of the DNA 

present in native lung is removed by either Triton/SDC or CHAPS decellularization 

(quantities of DNA in scaffolds shown as fraction of native lung, which = 1; Fig. 5D).

3.10. Recellularization of gently decellularized lung

To evaluate cellular viability on gently decellularized scaffolds, we repopulated Triton/SDC 

scaffolds with neonatal epithelium and microvascular endothelium. Triton/SDC scaffolds 

populated with cells and cultured in a bioreactor with vascular perfusion for 4 days are 

structurally intact grossly (Fig. 6A) and by histological evaluation (Fig. 6B). Alveolar spaces 

are open and cells populate the alveolar septae widely and evenly throughout the 

parenchyma (Fig. 6B). Staining for proliferating cell nuclear antigen (PCNA) is positive in 

many cells (estimated at >50%, based on immunofluorescence images; Fig. 6C). Taken 

together, these data suggest that the gently decellularized Triton/SDC scaffold is hospitable 

to cell adhesion, survival, and proliferation despite the abundance of cellular material 

detected in the scaffold prior to introducing cells for tissue regeneration. Even more 

encouragingly, cells cultured within the Triton/SDC scaffold express protein markers of 

several key native lung cell phenotypes, including type II alveolar epithelial cells, club cells, 

endothelial cells, and interstitial cells, as indicated by staining for pro-SPC, CCSP, CD31 

and VE-cadherin, and α-actin, respectively (Supplemental Fig. 4). Direct correlation 

between the appearance and abundance of these proteins and the presence or abundance of 

any specific ECM proteins is beyond the scope of this work, but is a tantalizing avenue for 

future research.

4. Discussion

In tissue engineering, various detergents and protocols have been compared with semi-

quantitative proteomics [5,25,26] and by cellular repopulation of the resulting scaffolds 

[5,25,27] or sheets of ECM [28]. However, many published accounts of lung ECM 

components may be missing key components in their inventories of scaffold proteins due to 

insufficient extraction; prior reports use fewer than 5 fractions and CNBr is generally not 

used to dissociate the matrix [4–7,25,29]. In this and a prior study [3], we observed that the 

first 3 fractions contain almost no proteoglycans, basement membrane proteins, or fibrillar 

collagens, the last of which are well represented in the matrix overall (Supplemental Fig. 3). 

This suggests that, while the identification and quantification of subunits of proteins such as 

collagens III and additional α chains of collagen IV are limited in this study by probe 
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selection and synthesis, many of the semi-quantitative assessments of lung ECM 

components may have inventories that are either missing or under-representing key ECM 

components due to insufficient extraction.

The decellularization protocol used to prepare the scaffold may also impact the readout of 

our studies and others, as demonstrated in Supplemental Fig. 3. Here, the apparent increase 

in collagen I α1 and α2 chains and the statistically significant increase in collagen V α2 

may be attributable to solubilization of the extracellular matrix by the detergent used to 

render the scaffold acellular in advance of preparation for proteomic analysis. This “pre-

solubilization” could allow for greater extraction later, when the scaffolds are prepared for 

proteomic analysis. This effect would be augmented by more aggressive decellularization 

regimens (i.e. pH 12.4 CHAPS), compared to Triton/SDC; and would be reflected in a 

greater increase in protein content reported for CHAPS decell, compared to native, than for 

Triton/SDC compared to native.

Of the matrix components quantified here, the retention of many proteoglycans and laminin 

subunits in the Triton/SDC scaffolds is particularly encouraging with respect to organ 

specific cell differentiation. Proteoglycans are likely to improve both the biochemical and 

mechanical cues received by cells cultivated within the ECM scaffold. They provide ligand-

binding sites for integrins [30,31] and assist in the sequestration of a variety of growth 

factors [32] that may promote tissue and organ-specific phenotypes. As such, a matrix 

containing proteoglycans dispersed among structural components such as fibrillar collagens 

may better support epithelial and mesenchymal phenotypes that more closely recapitulate 

native lung.

This study also demonstrated the persistence of cellular proteins in both scaffolds, which 

raises concern over the potential for immunogenicity when implanted in vivo. Limited 

evidence suggests, however, that the presence of residual cellular proteins may not be 

detrimental to the survival or sustainability of a tissue engineered graft. Subcutaneous 

implantation of decellularized lung that contained β-actin actually invoked a biological 

response that was less damaging to the structure of the scaffold than the response evoked by 

a scaffold that was more devoid of cellular proteins [33]. In balancing the complete removal 

of cells and cellular material with the retention of ECM components, the preservation of 

matrix may supersede the importance of removal of residual proteins.

Thus far, we have demonstrated that, at a minimum, the additional remnant cellular proteins 

that accompany gains in ECM proteins do not appear to interfere with initial cell-matrix 

interactions. That is, despite the increased quantities of cellular proteins, cells introduced to 

the decellularized scaffolds are able to adhere to and proliferate on the Triton/SDC 

decellularized ECM scaffold. Future work should additionally evaluate the function of the 

cells seeded onto and cultured within this scaffold over time. In addition, a direct 

comparison of cells seeded onto CHAPS scaffolds with cells seeded onto Triton/SDC 

scaffolds would be interesting and informative with regard to whether the molecular 

differences quantified in these scaffolds correlate with observable differences in cell 

behavior or function. Ultimately, it may be possible to use the methods presented here to 
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correlate the in vitro and in vivo outcomes of cell seeding with the protein profiles of 

respective scaffolds.

Finally, the use of this technology to analyze other ECM, for example, at different stages in 

development will advance our understanding of tissue and organ formation [34]. Evaluation 

of both developmental ECM, and ECM produced by stem cells in vitro [35] may help 

generate better intermediate cells (i.e. endoderm) from which to derive organ-specific cell 

types such as terminally differentiated, functional pulmonary epithelium, which has 

remained an elusive target to date [36].

In summary, the methods presented here can be used to characterize current tissue 

engineering efforts, and allow for refinement of decellularization procedures based on 

protein profiles, both with respect to extent of antigen removal and conservation of ECM 

proteins. Future work overall will endeavor to correlate protein quantity information with 

cell localization and function, with the aim of bringing rational design and greater 

mechanistic understanding to the next generation of engineered organs.

5. Conclusions

In conclusion, there is a need for more precise information regarding the composition of 

extracellular matrix products and biologically-derived scaffolds. Using absolutely 

quantitative proteomics, enabled by the use of heavy peptides as independent references, it is 

possible, for the first time, to quantify extracellular matrix and other proteins in native rat 

lung and decellularized lung scaffolds prepared by two different methods. There is a net 

increase in proteoglycans, laminins, and other basement membrane and basement 

membrane-associated proteins when lung scaffolds are prepared using a “gentle” 

decellularization protocol that uses Triton/SDC, compared to high pH CHAPS solution. At 

the same time, though no intact cells or nuclei are present, cellular proteins do persist in the 

acellular scaffolds – a phenomenon noted by Li et al. as well [26]. Ultimately, the ability to 

correlate precise information about scaffold constitution with overall biological outcome 

should prove useful in advancing the field of tissue engineering and regenerative medicine 

overall.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Statement of Significance

The extracellular matrix (ECM) in large part defines the biochemical and mechanical 

properties of tissues and organs; these inherent cues make acellular ECM scaffolds potent 

substrates for tissue regeneration. As such, they are increasingly prevalent in the clinic 

and the laboratory. However, the exact composition of these scaffolds has been difficult to 

ascertain. This paper uses targeted proteomics to definitively quantify 71 proteins present 

in acellular lung ECM scaffolds. We use this technique to compare two decellularization 

methods and demonstrate superior retention of ECM proteins important for cell adhesion, 

migration, proliferation, and differentiation in scaffolds treated with low-concentration 

detergent solutions. In the long term, the ability to acquire quantitative biochemical data 

about biological substrates will facilitate the rational design of engineered tissues and 

organs based on precise cell-matrix interactions.
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Fig. 1. 
Structure and composition of native and decellularized lungs. A) Photograph of native rat 

lungs. B) Photograph of lungs decellularized with Triton/SDC. C) Photograph of lungs 

decellularized with pH 12.4, CHAPS-based decellularization fluid (CHAPS). D) 

Transmission electron micrograph (TEM) of native rat lungs. E) TEM of rat lungs 

decellularized with Triton/SDC. F) TEM of rat lungs decellularized with CHAPS. D–F scale 

bars = 2 μm. G) Bar chart showing the relative compositions of native and decellularized 

lungs, as assessed by quantitative ECM proteomics.
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Fig. 2. 
Quantification of key protein categories. A) Proteoglycans found in native and decellularized 

lung. B) Matricellular protein quantifications. C) Other basement membrane and ECM-

associated proteins. Error bars are ± SEM, n = 4 biological replicates, with two different 

concentrations of QconCAT peptides. (Genes displayed in Supplemental Table 7.) Single 

asterisk (*) indicates α = 0.05; (**) indicates α = 0.01 (see Supplemental Table 5). ns = non 

significant difference.
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Fig. 3. 
Assessment of the basement membrane proteins laminins and fibronectin. A) Quantitative 

proteomics for nine laminin subunits and fibronectin. Error bars are ± SEM, n = 4 biological 

replicates, with two different concentrations of QconCAT peptides. (Genes displayed in 

Supplemental Table 7.) Single asterisk (*) indicates α = 0.05; (**) indicates α = 0.01 (see 

Supplemental Table 5). ns = non-significant difference. Immunofluorescence for laminin γ1) 

in (B) native lung; (C) CHAPS lung; (D) Triton/SDC lung. Immunofluorescence for 

fibronectin in (E) native lung; (F) CHAPS lung; (G) Triton/SDC lung. Antigen of interest is 

stained in red. Nuclei are stained with DAPI (blue). Scale bars = 50 μm. (For interpretation 

of the references to colour in this figure legend, the reader is referred to the web version of 

this article.)
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Fig. 4. 
Elastin and elastin-associated proteins. A) Proteomic quantification of elastin-related 

proteins in native and decellularized lungs. Error bars are ± SEM, n = 4 biological replicates, 

with two different concentrations of QconCAT peptides. (Genes displayed in Supplemental 

Table 7.) Single asterisk (*) indicates α = 0.05; (**) indicates α = 0.01 (see Supplemental 

Table 5). ns = non significant difference. B) Transmission electron micrograph (TEM) of 

Triton/SDC-decellularized lung. Arrows indicate intraseptal space where elastin might 

usually be found. (C) TEM of CHAPS-decellularized lung. Arrows indicate elastin. Scale 

bars in (B,C) = 2 μm. VVG stain of native rat lung (D), Triton/SDC-treated lung (E) and 

CHAPS-treated lung (F). Black arrows indicate elastic fibers in arterial walls and throughout 

the sepatae. White arrows indicate the absence of elastin in locations similar to those 

highlighted in native lung (panel D). A = airway. V = vessel. Scale bars = 100 μm (D); 50 

μm (E, F).
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Fig. 5. 
Quantification of cellular components. Proteomic quantification of (A) high-abundance 

proteins and (B) low-abundance proteins in native and decellularized lungs. Error bars are ± 

SEM, n = 4 biological replicates, with two different concentrations of QconCAT peptides. 

(Genes displayed in Supplemental Table 7.) Single asterisk (*) indicates α = 0.05; (**) 

indicates α = 0.01 (see Supplemental Table 5). ns = non significant difference. C) Western 

blot for α-actin, MHC-1 and -2 molecules in native (lane 1) and decellularized lung samples. 

(Bleed-over is noted in lane 2, from the adjacent lane 1, in MHC-1 and -2 blots.) D) DNA 

quantification by PicoGreen Assay. Single asterisk (*) indicates statistically significant 

difference, p < 0.05; (**) indicates statistical significance, p < 0.01.
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Fig. 6. 
Repopulation of Triton/SDC scaffolds. A) Gross image of repopulated Triton/SDC scaffold 

after culture at 37 °C with 50% DMEM + 10% FBS/50% MCDB-131 Complete containing 

antibiotics/antimycotics. B) Hematoxylin and eosin image of repopulated lung after 4 days 

in culture. C) Immunofluorescent staining with anti-PCNA antibody on a paraffin section of 

cultured lung. PCNA is red; nuclei are stained with DAPI (blue). Scale bars = 100 μm. (For 

interpretation of the references to colour in this figure legend, the reader is referred to the 

web version of this article.)

Calle et al. Page 21

Acta Biomater. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	1. Introduction
	2. Materials and methods
	2.1. Organ procurement
	2.2. Decellularization – Triton/SDC
	2.3. Decellularization – CHAPS
	2.4. Histology and immunofluorescence
	2.5. Western blot
	2.6. Repopulation and culture of seeded scaffolds
	2.7. Sample preparation for proteomic analysis
	2.8. Detergent/chaotrope removal & protein digestion
	2.9. Liquid chromatography tandem mass spectrometry
	2.10. Protein abundance calculations and statistics
	2.11. Statistical analysis

	3. Results
	3.1. Quantitative proteomics
	3.2. Generation of decellularized rat lung extracellular matrices
	3.3. Quantification of proteins in native lung
	3.4. Analysis of protein content in decellularized lung scaffolds
	3.5. Proteoglycans
	3.6. Matricellular proteins, basement membrane and ECM-associated proteins
	3.7. Adhesion proteins: laminins, fibronectin, and collagen IV
	3.8. Elastin and elastin-associated protein content
	3.9. Cellular proteins in acellular lung scaffolds
	3.10. Recellularization of gently decellularized lung

	4. Discussion
	5. Conclusions
	References
	Appendix A. Supplementary data
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Fig. 6

