
1

Vol.:(0123456789)

Scientific Reports |         (2023) 13:2047  | https://doi.org/10.1038/s41598-023-29252-1

www.nature.com/scientificreports

Macromolecular crowding 
regulates matrix composition 
and gene expression in human 
gingival fibroblast cultures
Rajesvaran Ramalingam , Guoqiao Jiang , Hannu Larjava  & Lari Häkkinen *

Standard cell cultures are performed in aqueous media with a low macromolecule concentration 
compared to tissue microenvironment. In macromolecular crowding (MMC) experiments, synthetic 
polymeric crowders are added into cell culture media to better mimic macromolecule concentrations 
found in vivo. However, their effect on cultured cells is incompletely understood and appears context-
dependent. Here we show using human gingival fibroblasts, a cell type associated with fast and 
scarless wound healing, that MMC (standard medium supplemented with Ficoll 70/400) potently 
modulates fibroblast phenotype and extracellular matrix (ECM) composition compared to standard 
culture media (nMMC) over time. MMC significantly reduced cell numbers, but increased accumulation 
of collagen I, cellular fibronectin, and tenascin C, while suppressing level of SPARC (Secreted Protein 
Acidic and Cysteine Rich). Out of the 75 wound healing and ECM related genes studied, MMC 
significantly modulated expression of 25 genes compared to nMMC condition. MMC also suppressed 
myofibroblast markers and promoted deposition of basement membrane molecules collagen IV, 
laminin 1, and expression of LAMB3 (Laminin Subunit Beta 3) gene. In cell-derived matrices produced 
by a novel decellularization protocol, the altered molecular composition of MMC matrices was 
replicated. Thus, MMC may improve cell culture models for research and provide novel approaches for 
regenerative therapy.

Extracellular matrix (ECM) niche of cells in tissues is three-dimensional (3D) and composed of various struc-
tural ECM components, such as collagen, proteoglycans, glycoproteins and glycosaminoglycans, and signaling 
molecules, including growth factors and  cytokines1. Composition of the ECM niche is specific for distinct fibro-
blast subpopulations found in different  tissues2. Interactions of cells with the ECM niche provides biochemical 
and mechanical cues that are critical for determination of cell identity, state and function during development, 
homeostasis, repair and pathological  conditions1. The ECM niche in tissues is typically crowded with various 
molecules, which modulates their diffusion, conformation, and interactions with each other and  cells3,4. While 
traditional cell cultures in aqueous media have provided tremendous amount of important knowledge about 
various aspects of cell phenotype and functions and allowed us to develop tools for regenerative therapy, cells 
in these models are often kept in two-dimensional monolayer cultures in a non-crowded environment. For 
instance, mesenchymal stem cells in bone marrow are embedded in a three-dimensional ECM niche that has 
an estimated concentration of 21–80 mg/mL of macromolecules, while in standard cell culture medium their 
concentration is only about 4–16 mg/mL if serum concentration is 5–20%3,5,6. Therefore, cell culture models that 
better mimic the dimensionality and macromolecular crowding of the natural ECM niche found in vivo have 
been introduced. In particular, the inclusion of synthetic macromolecular crowders (MMCs), such as Ficoll, 
dextran, polyethylene glycol, and polyvinyl alcohol, into culture media have been proposed to compensate for 
this  deficiency7. Recent evidence from mass spectrometry-based proteomics of adult human dermal fibroblast 
ECMs from cultures generated using MMC (Ficoll 70/400) and information from public proteomics databases 
of core matrisome proteins (collagens, glycoproteins, and proteoglycans) from adult human skin support the 
idea that MMC generates matrices with in vivo-like  composition8. Furthermore, MMC has allowed generation 
of cell cultures that are composed of layers of cells embedded in their own ECM niche (three-dimensionality) in 
an accelerated  rate9. Therefore, MMC is emerging as a technology to generate cell culture conditions that may 
better mimic the ECM niche of cells in tissues than the traditional methods. Use of MMCs may not only benefit 
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research about interactions of cells with their ECM niche, but could also provide better tissue engineering-based 
modalities for translational research and regenerative therapy. Interestingly, however, the effect of MMC on 
cultured cells appears to vary based on cell type and tissue origin, culture conditions, and MMCs  used7. Thus, 
effect of MMC appears cell-type specific and may need to be optimized for different cellular contexts.

Fibroblasts are the key cells that generate the ECM niche in various soft connective tissues, including skin 
and oral mucosal gingiva. Unlike mostly mesoderm-derived skin fibroblasts, gingival fibroblasts originate from 
the neural crest. In addition, they associate functionally with fast regenerative-like wound healing, akin to fetal 
skin wound healing, compared to adult scar-forming skin. In addition, gingival fibroblasts display distinct gene 
expression repertoire in vivo and in vitro compared to skin  fibroblasts10–15. For instance, at protein level, cul-
tured gingival fibroblasts show differences in abundance, organization, structure, and composition of proteins 
that are important in creating a tissue-specific ECM niche compared to skin  fibroblasts16,17. These include ECM 
proteins, integrins that bind the ECM proteins, growth factors that bind and modulate ECM deposition (e.g., 
TGF-β1 and VEGFA), and MMPs that remodel the ECM. In addition, cultured gingival and skin fibroblasts 
show significant differences in the expression of a number of genes for various ECM niche-associated genes, 
including ECM molecules, cell surface receptors, MMPs, and growth  factors16–18. Therefore, gingival fibroblasts 
may provide a distinct cell type that will allow us to interrogate cell-ECM niche interactions that are important 
in tissue regeneration and provide opportunities to develop novel tissue engineering modalities for regenerative 
therapy. However, whether MMC may regulate their phenotype and function is not known.

Among the molecules used for MMC, Ficoll is a neutral, highly branched, hydrophilic polysaccharide formed 
by the reaction of sucrose and epichlorohydrin, and dissolves well in aqueous solutions 19,20. Unlike other charged 
crowding agents, Ficoll does not easily bind to biological molecules allowing it to occupy space without “scav-
enging” these molecules from the solution. It is commonly synthesized in molecular weights of 70 kDa (Ficoll 
70) and 400 kDa (Ficoll 400) with hydrodynamic radii of 40 Å and 80 Å, respectively 5. Therefore, in the present 
study, we wanted to find out whether culture of human gingival fibroblasts in medium supplemented with MMCs 
(Ficoll 70/400) modulates their phenotype, composition of ECM niche, and gene expression as compared to cells 
cultured in similar medium without MMC (nMMC) over time.

Materials and methods
Isolation of primary human gingival fibroblasts. The gingival fibroblast strain (GFBL-NLd) used in 
the study comes from a collection in our laboratory. The tissue biopsy from where the cells were cultured from 
was collected from a tissue discard obtained during a small routine dental operation of a clinically healthy tissue 
from a healthy 14-year-old female as previously  described21. The study was approved by the Clinical Research 
Ethics Board at the University of British Columbia for all procedures involving human tissues and cells (protocol 
C05-0047-C02-0076). Informed written consent was obtained from the donor and parents according to the 1975 
Declaration of Helsinki. GFBLs were routinely cultured in the standard growth media consisting of Dulbecco’s 
Modified Eagle’s Medium (DMEM) (CAT#31600-083; Gibco Life Technologies, Grand Island, NY, USA), 10% 
fetal bovine serum (FBS) (CAT#12484-028; Gibco Life Technologies), and 1% antibiotic/antimycotic (AXB) 
(CAT#15240-062; Gibco Life Technologies) at 37  °C and 5%  CO2. Experiments were performed at passages 
4–10.

Three-dimensional (3D) culture of gingival fibroblasts. GFBLs were cultured in the above culture 
medium until 90% confluency. Cells were then trypsinized and seeded in the standard medium at a density 
of 25 ×  103 cells per  cm2 on 6-well tissue culture plates (CAT#353046; Corning, Corning, NY, USA) or gelatin 
coated glass coverslips (CAT#12-545-80; Fisher Scientific, Pittsburgh, PA, USA) placed in 24-well tissue culture 
plates (CAT#3524; Corning Costar, Kennebunk, ME, USA). After 24 h, medium was replaced with the above 
medium supplemented with 50 µg/ml ascorbic acid (Millipore Sigma: A-4034, Burlington, MA, USA) (nMMC, 
control medium) or with 50 µg/ml ascorbic acid and 37.5 mg/mL of Ficoll 70 (F2878; Millipore Sigma) and 
25  mg/mL of Ficoll 400 (F4375; Millipore Sigma) (MMC, test medium)5. Cells were cultured up to 14  days 
to generate 3D cultures where cells are embedded in their own  ECM22,23. Cultures incubated in their normal 
growth medium for 24 h were designated as day 0 samples. Samples switched to the nMMC or MMC media after 
the above 24-h period were further cultured for the indicated time before sample collection (designated as day 
3, 7, 10, and 14 cultures).

Real-time RT-PCR (RT-qPCR). At indicated time points of culture, total RNA was extracted from the cul-
tures with Invitrogen PureLink RNA Mini Kit (CAT#12183018A; ThermoFisher Scientific, Waltham, MA, USA) 
according to the manufacturer’s instructions and assessed for quantity and purity using the GeneQuant Pro RNA/
DNA Calculator (CAT#10619; Amersham Biosciences, Little Chalfont, Buckinghamshire, UK). Total RNA was 
reverse transcribed with Applied Biosystems High-Capacity cDNA Reverse Transcription Kit (CAT#4308228; 
ThermoFisher Scientific) according to the manufacturer’s instructions. cDNA was synthesized with a Master-
cycler Gradient Reverse-Transcriptase PCR Instrument (CAT#5331; Eppendorf, Hamburg, Germany) with the 
following program: 1 cycle at 25 °C for 10 min, 1 cycle at 37 °C for 120 min, and 1 cycle at 85 °C for 5 min to heat 
inactivate the reverse transcriptase. The primers used for RT-qPCR are listed in Supplementary Table S1. Primer 
design has been described in detail  previously24. cDNA from each sample was diluted (1.8 ng/mL) and run such 
that the Ct values were well within the range of their standard curves. Diluted cDNA (5 μL) was mixed with 
10 μL of Applied Biosystems Power SYBR Green PCR Master Mix (CAT#4367659; ThermoFisher Scientific) 
and 5 pM of primers, for a final volume of 20 μL. RT-qPCR amplification was performed on the CFX96 System 
(Bio-Rad Laboratories, Hercules, CA, USA). At least 2 reference genes were used in reactions performed as a 
triplicate for each sample with non-transcribed RNA used as a negative control. Data was analyzed according to 
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the comparative Ct method (CFX Manager 2.1; Bio-Rad Laboratories). Statistical comparisons were performed 
using Log2 transformed values. Results reflect three to seven biological replicates.

Generation of cell-free cell-derived matrices (CDMs). In order to develop a novel, efficient decel-
lularization method for the 3D cultures, we tested the use of latrunculin B as an actin destabilizing agent, 
deoxycholate as a mild detergent, and DNase in sequential incubations to remove cellular elements, including 
cytoskeletal actin and β-tubulin and DNA from the  cultures25,26. To this end, GFBLs were cultured for 7 days 
in their nMMC culture medium. Cultures were then incubated at various concentrations (0.2–5 μM) and times 
(1–4 h) of latrunculin B (CAT#L-5288; Sigma Aldrich, St. Louis, MO, USA) and 1 × EDTA free protease inhibi-
tor (CAT#11873580001; Roche Diagnostics, Indianapolis, IN, USA) in DMEM at 37 °C25. Cultures were washed 
twice with PBS and incubated in 0.05 M Tris–HCl (pH = 8), 0.15 M NaCl, 1 mM  MgCl2, 1.0 mM  CaCl2, and 
0.5% sodium deoxycholate (CAT#0613; VWR, Solon, OH, USA) in ultra-pure water at 4 °C for 20  minutes26. 
Cultures were then washed once with PBS and incubated in 10 mM Tris–HCl (pH = 7), 2.5 mM  MgCl2, 2.5 mM 
 CaCl2, and 20 μg/mL DNase (CAT#3778-0100, Akron Biotech, Sarasota, FL, USA) in ultra-pure water at 37 °C 
for 20 min to remove  DNA26. Phase contrast microscopy, staining of DNA by DAPI, and immunostaining of 
actin and β-tubulin (see below) showed that incubation with 0.6 μM latrunculin B for 3 h followed by treatment 
with deoxycholate and DNase were effective in removing all cellular and cytoskeletal elements and DNA from 
the cultures. In all subsequent experiments, GFBLs were cultured in the test media for 3, 7, 10, and 14 days 
before decellularization using 0.6 μM latrunculin B treatment for 3 h before deoxycholate and DNase treatment 
as above to render cell-free fibroblast-derived 3D ECMs (cell-derived matrices, CDMs).

Quantification of total protein content in fibroblast cultures and cell-derived matrices. To 
assess total protein amounts, 3-, 7-, 10- and 14-day cultures (with cells) and parallel CDMs generated in 6-well 
tissue culture plates were used. GFBL cultures and CDMs were washed with PBS and solubilized in 2% SDS 
containing 0.005% bromophenol blue and 10% glycerol in 50 mM Tris–HCl (pH = 6.8). Samples were collected 
by using a rubber policeman, pipetted into homogenizer columns (CAT#HCR003; Omega Bio-Tek, Norcross, 
GA, USA), and spun at 10,000×g for 30 s. Total protein abundance was quantified using the Bio-Rad DC protein 
assay reagent kit (CAT# 5000111, Bio-Rad Laboratories) and BioRad spectrophotometer (Bio-Rad Laboratories) 
according to manufacturer’s instructions. Analyses for each sample was performed in triplicate. Results reflect a 
minimum of six biological replicates each with up to 6 parallel wells.

Gelatin coating of glass coverslips. In order to promote cell adhesion, coverslips were coated with 
 gelatin27. To this end, glass coverslips (CAT#12-545-80; Fisher Scientific) were treated overnight in 16 N nitric 
acid. Nitric acid was removed and the beaker was replenished with Milli-Q 18.2 Ω cm ultra-pure water (Milli-
pore Sigma, Burlington, MA, USA). Every 3 h, existing ultra-pure water was replaced with new ultra-pure water 
for a total of 10 times. Individual coverslips were rinsed an additional 10 times with ultra-pure water, dried, and 
autoclaved. Sterile coverslips were placed in 2  cm2 sized tissue culture plate wells (CAT#3524; Corning Costar, 
Kennebunk, ME, USA), washed with PBS, incubated with 0.2% gelatin in PBS at 37 °C for 60 min, washed three 
times with PBS, crosslinked with 1% glutaraldehyde (CAT#A10500; Alfa Aesar, Ward Hill, MA, USA) in PBS at 
room temperature for 30 min, followed by three rinses in PBS. Coated coverslips were stored in PBS at + 4 °C for 
use within one week.

Immunostaining of the cultures and cell-derived matrices. For immunostaining, 0-, 3-, 7-, 10- and 
14-day GFBL cultures generated on gelatin coated glass coverslips (with cells) and parallel CDMs were washed 
once with PBS, fixed with 4% formaldehyde at room temperature for 20 min, washed three times with PBS, and 
stored at 4  °C in PBS until immunostained. For immunostaining, cells were permeabilized with 0.5% Triton 
X-100 in PBS for 4 min. Samples were then washed three times with PBS followed by blocking with PBS + (con-
taining  Ca2+ and  Mg2+) containing 10 mg/mL BSA and 1 mg/mL glycine at room temperature for 30 min. Sam-
ples were then incubated with a primary antibody (Supplementary Table S2) diluted in 1 mg/mL BSA in PBS in 
a humidified chamber at 4 °C overnight. The samples were then washed with PBS containing 1 mg/mL BSA and 
0.01% Triton X-100 and then incubated with an appropriate Alexa-conjugated secondary antibody (1:200 dilu-
tion; Alexa 488/594; Thermo Fisher) at room temperature for 1 h. Nuclei were then stained with 300 nM DAPI 
(Thermo Fisher) in PBS for 10 min. Samples were mounted with Immu-Mount™ solution (Thermo Fisher) and 
examined using a Nikon Eclipse 80i Compound Fluorescent Microscope (Nikon Corporation, Tokyo, Japan) 
and images were captured using Nikon NIS-Elements Basic Research 4.2 software (Nikon Corporation).

Measurement of nuclear angle deviation, surface area, and aspect ratio. In order to assess cell 
alignment/orientation in the cultures, mean of standard deviation of the angles of long axis of DAPI-stained 
nuclei relative to a standardized reference point in each image was measured using Fiji (ImageJ2) software (ver-
sion 2.3.0/153q; http:// imagej. net). In order to quantify cell morphology, nuclear surface area, as a measure of 
cell size, and aspect ratio, as a measure of cell  elongation28–31, were calculated. To this end, nuclei were outlined 
using the polygon selection tool and surface areas and aspect ratios were calculated using the measure function 
in the software. For the above measurements, standardized fluorescence microscope images taken with × 20 
objective using stratified random sampling within the middle-third area between the center and periphery of 
each coverslip were used. Measurements represent in total of about 20–100 cells per image in triplicate for each 
coverslip from three biological replicates at each time point. Results are presented as mean + /− SEM for all the 
measurements.

http://imagej.net
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Cell count determination. In order to quantify cell numbers in the cultures generated on coverslips, num-
ber of DAPI-stained nuclei were counted manually using the Fiji software. To this end, standardized fluorescence 
microscope images were taken randomly with × 20 objective within the middle-third area between the center 
and periphery of each coverslip. In total seven images per sample were obtained representing 100–600 cells 
per image depending on time point. Mean + /− SEM from four repeated experiments were calculated for data 
presentation.

Quantitation of protein abundance in immunostained samples. In order to assess protein abun-
dance in the immunostained samples, minimum of three standardized fluorescence microscope images were 
obtained using stratified random sampling as above. Integrated fluorescence density/intensity (the sum of fluo-
rescence intensity from each pixel of each image) was calculated using the measure function in the Fiji software 
as a measure of protein abundance. For comparison of staining intensity for a given molecule over time, relative 
total fluorescence density/intensity and relative fluorescence density/intensity per cell was calculated by normal-
izing values to those obtained from Day 0 samples. For pairwise comparison between cultures generated in dif-
ferent test media at day 14, relative immunostaining density/intensity for a given molecule normalized for one of 
the test treatments was calculated. To assess relative abundance of αSMA stress fibers, standardized thresholding 
function in the Fiji software was applied to each image to exclude staining not associated with stress fibers before 
calculating integrated fluorescence density/intensity per cell as above (Supplementary Figure S1). Results are 
presented as mean + /− SEM from 6 to 12 measurements from two repeated experiments.

Western blotting. Western blotting was performed as previously  described16. Briefly, cultures were washed 
once with PBS, lysed in 1 × Laemmli sample buffer, collected using a rubber policeman, and filtered through 
homogenizer mini columns and total protein concentration determined as above. Equal amount of protein of 
each sample with 2-mercaptoethanol (5%) was separated by SDS/PAGE (7.5%) and transferred onto Hybond 
Protran membrane (Amersham). The membranes were incubated in Odyssey Blocking Buffer (LI-COR Bio-
sciences, Lincoln, NE) for 1  h, followed by incubation with anti-αSMA primary antibody (Supplementary 
Table S2) overnight at + 4 °C. After incubation with species-appropriate IRdye-conjugated secondary antibod-
ies (LI-COR) for 1 h, the blots were washed and scanned with LI-COR Odyssey Infrared Imaging system. The 
results were quantified using ImageJ software (version V1.53U; http:// imagej. net).

Statistical analysis. Data is presented as mean ± SEM with statistical analysis performed using IBM SPSS 
Software Version 23. Number of independent experiments (n) are indicated in figure legends. Normality of the 
data and equality of variance was tested using Shapiro–Wilk test and Levene’s test, respectively. Statistical com-
parisons were performed using independent samples t-test (two groups and normally distributed) or one-way 
ANOVA (greater than two groups and data normally distributed) followed by either Tukey HSD (when variance 
is equal) or Games-Howell (when variance is unequal) post hoc test.

Results
MMC modulates gingival fibroblast numbers and orientation. Phase contrast microscopy (Fig. 1A) 
and immunostaining of cytoskeletal β-tubulin (Fig.  1B) and actin (Fig.  1C) showed that in both MMC and 
nMMC culture conditions, cells assumed in general parallel orientation. However, at day 3–14 when cultures 
had reached confluency, cells in MMC condition appeared to be less densely packed with wider intercellular 
spaces than in nMMC cultures (Fig. 1A–C). Staining with DAPI showed that, unlike at day 0 (after 24 h cul-
ture) where cells formed a monolayer, at day 3 nuclei of some cells overlapped indicating that both MMC and 
nMMC conditions were composed of layers of GFBLs (data not shown). This nuclear (cell) overlap appeared 
more common with increasing culture time up to day 14 (Fig. 2A upper inserts). Counting of DAPI-stained 
nuclei (Fig. 2B) or measurement of total RNA levels (Fig. 2D) showed that in both culture conditions cell num-
bers increased significantly over time. However, pairwise comparison of nuclear count (Fig. 2C) or RNA yield 
(Fig. 2E) between the treatments at each time point showed that the number of cells in MMC cultures was sig-
nificantly lower compared to nMMC condition at days 7 and 14. To assess cell morphology in more detail, we 
quantified nuclear surface area (Fig. 2F) and aspect ratio (Fig. 2G), measures that correlate with overall cell size 
and elongation,  respectively28–31. Pairwise comparison of these measurements in MMC and nMMC cultures did 
not show any significant differences at any timepoint (Fig. 2F,G, respectively). However, measurement of average 
angle deviation of the long axis of the nuclei, a measure that describes orientation of long axis of the cells com-
pared to other cells, showed significantly higher angle deviation in MMC compared to nMMC at 14-day cultures 
(Fig. 2A lower inserts and H). Thus, GFBLs cultured in MMC compared to nMMC display significantly reduced 
cell numbers over time and more varied orientation compared to nMMC condition.

MMC modulates gene expression by gingival fibroblasts. Next, we wanted to find out whether 
MMC regulates gene expression in the GFBL cultures. We focused on genes that encode various ECM proteins 
or their processing enzymes and genes that associate with ECM remodeling (MMPs and TIMPs), ECM deposi-
tion (TGF-β signaling), cell-ECM interactions (integrins), and wound healing (cell–cell communication, myofi-
broblast differentiation, and angiogenesis). We first assessed expression of a set of 32 genes separately in MMC 
and nMMC conditions to find out their expression over time (Supplementary Figure S2). Expression of 13 (41%) 
and 11 (34%) of the above genes was significantly changed over time in MMC and nMMC conditions, respec-
tively (Supplementary Figure S2). Out of these genes in either condition, four were significantly downregulated 
(COL4A1, ELN, SPARC and TGFB1), while 10 were upregulated (BGN, DCN, FMOD, HAS2, MMP1, MMP10, 
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TGFB2, LTBP2, LTBP3, LTBP4 and SDF1) over time (Supplementary Figure S2). Majority of the significant gene 
expression changes in both culture conditions occurred when monolayer cultures (day 0) were compared to the 
later time points where cultures had formed three-dimensional (3D) layers (Supplementary Figure S2). Expres-
sion of all the above genes in both MMC and nMMC conditions had stabilized at day 7 as no significant changes 
in gene expression were noted after that time point (Supplementary Figure S2).

Next, we performed pairwise comparisons of gene expression between MMC and nMMC conditions using 
samples collected from 14-day cultures. Out of the 75 genes analyzed, 25 (33%) were significantly differently 

Figure 1.  Characterization of fibroblast MMC and nMMC cultures by phase contrast microscopy and 
immunostaining of cytoskeletal β-tubulin and actin over time. Representative phase contrast microscope (A), 
immunostaining of β-tubulin (B), and staining of total fibrillar actin with fluorescently labelled phalloidin (C) 
images from 6 to 12 standardized images obtained from each time point and treatment from two repeated 
experiments are shown. Inserts show higher magnification of select areas. Images in inserts are individually 
optimized for brightness/contrast. Magnification bars = 40 μm.
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expressed in MMC compared to nMMC conditions (Fig. 3). Out of these 25 genes, five were significantly upregu-
lated and 20 downregulated in MMC compared to nMMC cultures (Fig. 3). The upregulated genes encoded for 
the basement membrane laminin subunit LAMB332, laminin receptor integrin α3 subunit (ITGA3)33, fibrillar 
collagen receptor integrin α2 subunit (ITGA2)33, and matrix metalloproteinases MMP1 and MMP3 involved in 
ECM  remodeling34. In contrast, genes that were downregulated by MMC encoded for several ECM proteins, 
including collagen I (COL1A1), collagen V (COL5A1), certain glycoproteins (ELN, SPARC, POSTN) and small 
leucine-rich proteoglycan lumican (LUM), TIMP4 involved in tissue  remodeling35, LOX, LOXL3, LOXL4 and 
PLOD3 that mediate ECM maturation and cross-linking36, various integrin α- and β-subunits, TGFB2, EGR3 
involved in TGF-β  signaling37, ACTA2 that encodes for α-smooth muscle actin (αSMA), a gene highly expressed 

Figure 2.  Characterization of cell numbers, morphology, and orientation in MMC and nMMC cultures over 
time. (A) Representative standardized images of the cultures with nuclear DAPI stain over time. Lower inserts 
show higher magnification images of select areas with long axis of the nuclei indicated by a line. Upper inserts 
in 14-day images show nuclear overlap as indicated by white tracing of the outlines of nuclei. Magnification 
bars = 40 μm. (B) Statistical comparison of change in cell numbers based on calculation of DAPI stained nuclei 
over time (n = 4 repeated experiments). (C) Pairwise comparison of cell numbers based on calculation of DAPI 
stained nuclei at each time point (n = 4 repeated experiments). (D) Statistical comparison of change in total RNA 
yield over time (n = 6–7 repeated experiments). (E) Pairwise comparison of total RNA yield at each time point 
(n = 6–7 repeated experiments). Comparison of nuclear surface area (F), aspect ratio (G), and angle deviation 
(H) in DAPI stained images over time (n = 3 repeated experiments). Results show mean + /− SEM from repeated 
experiments (C,E–H). Statistical testing was performed by one-way ANOVA (B,D) and independent samples 
t-test (C,E–H), *p < 0.05; **p < 0.01; ***p < 0.001.
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Figure 3.  Fibroblast gene expression is modulated by MMC culture condition. Table shows GFBL mRNA 
expression (mean + /− SEM) of 75 genes in MMC relative to nMMC culture condition after 14 days analyzed by 
RT-qPCR. Cell color highlights statistically significant downregulation (green) or upregulation (red) of mRNA 
expression in MMC compared to nMMC culture condition. Statistical testing was performed by independent 
samples t-test (*p < 0.05; **p < 0.01; ***p < 0.001), n = 4–7 repeated experiments.
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by profibrotic  myofibroblasts38, and SDF1 (CXCL12), a chemokine that regulates  angiogenesis37 (Fig. 3). Thus, 
MMC significantly modulates expression of several genes important in establishing and remodeling of GFBL 
ECM niche.

MMC promotes accumulation of ECM proteins in gingival fibroblast cultures. In order to find 
out whether MMC also modulates protein content in the cultures, we quantified total and relative (normalized 
for cell numbers) protein levels in the cell-ECM layers. Findings showed that total protein levels increased sig-
nificantly in both culture conditions up to day 14 (Fig. 4A). The most noticeable increase in relative protein levels 
occurred at day 7 compared to earlier time points in both MMC and nMMC cultures (Fig. 4C). Pairwise com-
parison showed that MMC cultures had significantly lower levels of total proteins compared to nMMC cultures 
at days 7–14 (Fig. 4B). However, pairwise comparison of protein amounts relative to cell numbers at each time 
point showed that there was no significant difference between the two culture conditions (Fig. 4D).

In order to find out whether MMC modulates accumulation of key ECM molecules, we quantified their 
abundance in the cell-ECM layer in immunostained cultures over time. Collagen I, the major ECM protein pro-
duced by  fibroblasts1, showed strong intracellular immunoreactivity at day 0, but at later time points it gradually 
displayed predominantly fibrillar extracellular localization in both MMC and nMMC cultures (Fig. 4E). In MMC 
condition, total collagen I increased significantly up to day 10, while there was no significant change after day 
7 in nMMC cultures (Fig. 4F,G). When collagen I abundance was assessed relative to cell numbers, it showed 
significantly decreasing staining intensity over time in both MMC and nMMC conditions (Fig. 4H,I). Pairwise 
comparison of total (Fig. 4G) and relative (Fig. 4I) collagen I in MMC and nMMC cultures showed strongly 
increased levels in MMC cultures at day 3–14.

Similar to collagen I, collagen IV, a basement membrane  molecule32, also localized mostly intracellularly at 
day 0, but at the later timepoints it showed increasingly extracellular fibrillar accumulation (Fig. 5A). In MMC 
cultures, abundance of total collagen IV increased significantly up to 10 days, while there was no significant 
change after day 7 in nMMC cultures (Fig. 5B,C). When collagen IV levels were compared relative to cell numbers 
over time, there was a significantly decrease in nMMC condition at all time points compared to day 0 (Fig. 5D,E). 
In contrast, MMC cultures showed a significant decrease only at day 3, after which collagen IV levels reached 
similar relative level as found at day 0 (Fig. 5D,E). Similar to collagen I, pairwise comparison of collagen IV at 
each time point showed strongly increased total (Fig. 5C) and relative (Fig. 5E) levels in MMC compared to 
nMMC cultures at all time points.

Immunostaining for cellular fibronectin (EDA-fibronectin), a key cell adhesion ligand and molecule involved 
in ECM  assembly1, was also mostly localized intracellularly at day 0, but both culture conditions showed strong 
fibrillar extracellular fibronectin staining at the later time points (Fig. 5F). In both cultures, abundance of total 
fibronectin increased strongly over time compared to day 0, and reached peak levels by day 3 and 7 in MMC and 
nMMC cultures, respectively (Fig. 5G,H). When fibronectin levels were compared relative to cell numbers over 
time, there was a significant progressive decrease in both MMC and nMMC cultures at all time points (Fig. 5I,J). 
Pairwise comparison of total (Fig. 5H) fibronectin levels at each time point showed only minor differences 
between MMC and nMMC cultures. However, relative fibronectin levels in MMC cultures were significantly 
higher compared to nMMC cultures at all time points (Fig. 5J).

We then analyzed abundance of the basement membrane component laminin  132, tenascin C (TNC) and 
SPARC (osteonectin), two matricellular glycoproteins that modulate ECM accumulation and cell function in 
wound  healing39,40, and latent TGF-β-binding protein 1 (LTBP1), a protein that binds and stores profibrotic 
latent TGF-β into the  ECM41, in day 14 cultures (Fig. 6A–C). Staining for laminin 1 and SPARC appeared mostly 
intracellular, while tenascin C and LTBP1 showed a fibrillar, ECM-associated staining pattern in both culture 
conditions (Fig. 6A). Quantitation of immunostaining showed significantly higher levels of total (Fig. 6B) and 
relative (Fig. 6C) laminin 1 and tenascin C and relative level of LTBP1 (Fig. 6C) in MMC compared to nMMC 
conditions. In contrast, MMC cultures contained significantly lower total and relative levels of SPARC compared 
to nMMC condition (Fig. 6B,C). Taken together, compared to nMMC condition, MMC promotes significantly 
accumulation of collagen I and IV, cellular fibronectin, laminin 1, tenascin C and LTBP1, while reducing abun-
dance of SPARC in the cell-ECM layer of GFBL cultures.

MMC suppresses expression of myofibroblast markers in gingival fibroblasts. ECM regulates 
fibroblast differentiation into profibrotic myofibroblasts in vitro and in vivo. Characteristics of myofibroblasts 
include high expression of ACTA2, a gene that encodes for αSMA41. Therefore, we next studied levels of αSMA 
in the two culture conditions over time (Fig.  7A–D). Based on Western blotting (Fig.  7B,C) relative αSMA 
abundance decreased significantly in both cultures over time. Pairwise comparison at each time point showed 
that αSMA levels were significantly lower in MMC compared to nMMC condition at day 3 (Fig. 7C). Next, we 
assessed organization of αSMA into stress fibers, one of the characteristics associated with differentiation of 
fibroblasts into  myofibroblasts41. At day 0, αSMA showed a diffuse cytoplasmic staining pattern and was not 
organized into stress fibers (Fig.  7A). Some cells with αSMA positive stress fibers started to appear in both 
MMC and nMMC cultures at day 3, which became more prevalent in nMMC but not in MMC cultures over 
time (Fig. 7A). Accordingly, quantification of αSMA stress fibers relative to cell numbers showed a significant 
increase in nMMC cultures while there was no change in MMC cultures over time (Fig. 7D). Pairwise compari-
son showed significantly lower levels of αSMA stress fibers in MMC compared to nMMC cultures at day 7–14 
(Fig. 7D). To assess whether other features associated with myofibroblast differentiation are also regulated in 
MMC compared to nMMC condition, we reviewed myofibroblast related gene expression in the 14-day cultures. 
Similar to significantly higher expression of ACTA2 (αSMA) mRNA by GFBLs cultured in nMMC compared 
to MMC condition, they also expressed significantly higher levels of COL1A1, POSTN and ITGB5 (Figs. 3 and 
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7E), genes previously shown to be highly expressed by  myofibroblasts41. Analysis of other cytoskeletal proteins 
showed significantly higher relative β-tubulin but similar actin levels in MMC compared to nMMC cultures 
(Fig. 7F–I). In summary, MMC condition specifically suppresses GFBL αSMA levels compared to other cytoskel-
etal proteins and reduces levels of myofibroblast differentiation markers compared to nMMC cultures over time.

Figure 4.  Quantification of total protein amount and characterization of collagen I organization and abundance 
in MMC and nMMC cultures over time. (A) Statistical comparison of change in total protein amount in MMC 
and nMMC cultures over time. (B) Pairwise comparison of total protein abundance at each time point. (C) 
Statistical comparison of change in relative (normalized for cell numbers determined by nuclear DAPI counts) 
protein abundance over time. (D) Pairwise comparison of relative protein abundance at each time point. (E) 
Representative standardized images of collagen I immunostaining from each time point and treatment from 
two repeated experiments. Inserts show higher magnification of select areas. Images in inserts are individually 
optimized for brightness/contrast. Magnification bars = 40 μm. (F) Statistical comparison of change in total 
collagen I abundance over time. (G) Pairwise comparison of total collagen I abundance at each time point. (H) 
Statistical comparison of change in relative (normalized for cell numbers determined by nuclear DAPI counts) 
collagen I abundance over time. (I) Pairwise comparison of relative collagen I abundance at each time point. 
Results show mean + /− SEM (B,D,G,I) and statistical comparison over time (A,C,F,H) from 8 to 11 repeated 
experiments (A–D) and from image analysis performed with 6–12 images obtained from each time point 
and treatment from two repeated experiments (F–I). Statistical testing was performed by one-way ANOVA 
(A,C,F,H) and by independent samples t-test (B,D,G,I), *p < 0.05; **p < 0.01; ***p < 0.001.
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Novel decellularization method to generate cell-free cell-derived matrices. Decellularization 
can be used to generate cell-free cell-derived matrices (CDMs) from 3D fibroblast cultures. A widely used decel-
lularization method involves use of an alkaline  NH4OH (20 mM)/Triton X-100 (0.5%) and DNase extraction 
 protocol42. However, our findings from 14-day nMMC cultures of GFBLs indicated that this treatment does not 
completely remove cytoskeletal actin and β-tubulin from the cultures (Fig. 8A). Therefore, in order to compare 
CDMs generated in presence or absence of MMC, we first tested efficiency of a novel decellularization method 
using treatment with 0.6 μM latrunculin B for 3 h to destabilize the actin cytoskeleton followed by incubations 
with 0.5% sodium deoxycholate and DNase. Phase contrast microscopy of 14-day MMC and nMMC cultures 
showed that latrunculin B treatment caused rounding of cells, which appeared more pronounced in the MMC 
than in the nMMC cultures (Fig. 8B). Subsequent treatments with sodium deoxycholate and DNase resulted 
in removal of all notable cellular elements from both cultures leaving behind a fibrillar ECM (Fig. 8B). Immu-
nostaining of actin and β-tubulin, and of DNA by DAPI, confirmed efficient removal of these elements from the 
cultures (Fig. 8A).

Comparison of composition of gingival fibroblast CDMs generated with or without MMC. Next, 
to compare CDMs generated using the above novel decellularization protocol, we quantified the total proteins 
in CDMs from 7- and 14-day MMC and nMMC cultures. Similar to cultures containing cells (Fig.  4A), in 
both MMC and nMMC CDMs, total protein amounts increased significantly from day 7 to 14 (Fig. 9B). Rela-
tive protein levels increased over time as well, but only measurements from nMMC cultures reached statistical 
significance (Fig. 9C). Pairwise comparison showed that CDMs from 14-day nMMC cultures had accumulated 
significantly higher amounts of total proteins compared to corresponding MMC cultures (Fig. 9B). However, 
similar to the above findings from cultures containing cells (Fig. 4D), when the protein amounts in the CDMs 
were normalized for cell numbers (Fig. 9C), there were no significant differences between the two culture condi-
tions. We then studied the above ECM molecules in immunostained CDMs from day 3–14 cultures. The findings 
showed that the differences noted in total proteins and a set of ECM proteins between cultures generated with 
MMC compared to nMMC were replicated in the cell-free CDMs generated from the corresponding cultures 
after decellularization (Supplementary Figures S3–5).

Characterization of protein loss due to decellularization in gingival fibroblast CDMs generated 
with or without MMC. There was a notable decrease of immunostaining intensity of the ECM molecules 
in CDMs compared to GFBLs-containing cultures (Fig.  9A) indicating that decellularization process caused 
this loss. To quantify protein loss in more detail, we first compared abundance of total proteins (Fig. 9B) in 
parallel GFBLs-containing cultures and CDMs. On average total protein yield from MMC cultures at day 7 and 
14 was 240 μg/9.6  cm2 and 320 μg/9.6  cm2 culture well, respectively. After decellularization, the corresponding 
protein yields were reduced to 8 μg and 16 μg, respectively. For nMMC cultures the values were 314 μg/9.6  cm2 
and 397 μg/9.6  cm2 before decellularization, and 11 μg and 26 μg after decellularization, respectively. Pairwise 
comparison of MMC and nMMC cultures indicated that there was no significant difference in protein loss 
between the two conditions (Fig. 9D). However, pairwise comparison at each timepoint showed that cultures 
generated with MMC lost significantly less collagen I compared to nMMC cultures, ranging from 42% to 13% in 
MMC and 55% to 30% in nMMC CDMs at 3 to 14-day time points, respectively (Supplementary Figure S6). In 
contrast, both MMC and nMMC cultures displayed in general similar collagen IV and fibronectin loss. Pairwise 
comparison of tenascin C (loss of about 19%), SPARC (about 53%) and LTBP1 (about 75%), which were assessed 
in 14-day cultures, showed also protein loss after decellularization that was quantitatively similar in both MMC 
and nMMC cultures (Supplementary Figure S6). In contrast, loss of laminin 1 was significantly lower in MMC 
(about 57%) compared to nMMC cultures (about 66%) (Supplementary Figure S6). Taken together, compared to 
nMMC condition, MMC improved significantly retention of collagen I and laminin 1 in the cultures after decel-
lularization. However, decellularization caused marked loss of total proteins and the studied individual ECM 
molecules in both MMC and nMMC cultures.

Figure 5.  Characterization of collagen IV and cellular fibronectin organization and abundance in MMC and 
nMMC cultures over time. (A) Representative standardized images of collagen IV immunostaining from each 
time point and treatment from two repeated experiments. Inserts show higher magnification of select areas. 
Images in inserts are individually optimized for brightness/contrast. (B) Statistical comparison of change in total 
collagen IV abundance over time. (C) Pairwise comparison of total collagen IV abundance at each time point. 
(D) Statistical comparison of change in relative (normalized for cell numbers determined by nuclear DAPI 
counts) collagen IV abundance over time. (E) Pairwise comparison of relative collagen IV abundance at each 
time point. (F) Representative standardized images of cellular fibronectin (EDA-fibronectin) immunostaining 
from each time point and treatment from two repeated experiments. Inserts show higher magnification of 
select areas. Images in inserts are individually optimized for brightness/contrast. (G) Statistical comparison of 
change in total cellular fibronectin abundance over time. (H) Pairwise comparison of total cellular fibronectin 
abundance at each time point. (I) Statistical comparison of change in relative (normalized for cell numbers 
determined by nuclear DAPI counts) cellular fibronectin abundance over time. (J) Pairwise comparison of 
relative cellular fibronectin abundance at each time point. Results show mean + /− SEM (C,E,H,J) and statistical 
comparison over time (B,D,G,I) from image analysis performed with 6–12 images obtained from each time 
point and treatment from two repeated experiments. Statistical testing was performed by one-way ANOVA 
(B,D,G,I) and by independent samples t-test (C,E,H,J), *p < 0.05; **p < 0.01; ***p < 0.001. Magnification 
bars = 40 μm (A,F).
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Discussion
The purpose of MMC is to generate conditions where molecules are in a crowded environment similar to tissues. 
Our findings showed that MMC promoted deposition of several ECM molecules in the cell-ECM layer in the gin-
gival fibroblast cultures. In particular, accumulation of key ECM proteins (collagen I, cellular fibronectin, tenascin 
C, and LTBP1) and basement membrane components (collagen IV and laminin 1) were significantly increased 
by MMC. In contrast, abundance of SPARC, a matricellular protein that modulates cell-ECM interactions in 
wound  healing40, was significantly reduced by MMC. Thus, effect of MMC on accumulation of different ECM 
proteins appears distinct. In general, previous studies using primary human fibroblasts from different tissues, 

Figure 6.  Characterization of laminin 1, tenascin C, SPARC, and LTBP1 organization and abundance in MMC 
and nMMC cultures at day 14. (A) Representative standardized images of laminin 1, tenascin C, SPARC, and 
LTBP1 immunostaining from each time point and treatment from two repeated experiments. Inserts show 
higher magnification of select areas. Images in inserts are individually optimized for brightness/contrast. 
Magnification bars = 40 μm. Pairwise comparison of total (B) and relative (normalized for cell numbers 
determined by nuclear DAPI counts) (C) abundance of laminin 1, tenascin C, SPARC, and LTBP1 at day 14. 
Results show mean + /− SEM from image analysis performed with 6–12 images obtained from each time point 
and treatment from two repeated experiments (B,C). Statistical testing was performed by independent samples 
t-test, **p < 0.01; ***p < 0.001.
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Figure 7.  Characterization of myofibroblast-associated markers and cytoskeletal proteins in MMC and nMMC 
cultures. (A) Representative standardized images of αSMA immunostaining from each time point and treatment 
from two repeated experiments. Inserts show higher magnification of select areas. Images in inserts are individually 
optimized for brightness/contrast. Magnification bars = 40 μm. (B) Representative Western blot of αSMA in MMC and 
nMMC cultures at day 3–14. GAPDH was used as loading control. Cropped images of Western blots are shown. (C) 
Quantitation and statistical comparison of change in αSMA abundance at each time point and over time relative 
to GAPDH determined by Western blotting. Results show mean + /− SEM from four repeated experiments. (D) 
Quantification (mean + /− SEM) of αSMA stress fibers by image analysis over time and in pairwise comparison at each 
time point. (E) Quantification (mean + /− SEM) of expression of ACTA2, COL1A1, POSTN and ITGA5 by RT-qPCR 
in MMC relative to nMMC cultures at day 14 (n = 4–7 repeated experiments). (F) Statistical comparison of change 
in relative (normalized for cell numbers determined by nuclear DAPI counts) β-tubulin abundance over time. (G) 
Pairwise comparison of relative β-tubulin abundance at each time point. (H) Statistical comparison of change in 
relative (normalized for cell numbers determined by nuclear DAPI counts) actin abundance over time. (I) Pairwise 
comparison of relative actin abundance at each time point. Results show mean + /− SEM (D,G,I) and statistical 
comparison over time (F,H) from image analysis from 6–12 images obtained from each time point and treatment 
from two repeated experiments. Statistical comparison between time points was performed by one-way ANOVA 
(C,D,F,H) and between treatments at each time point by independent samples t-test (C,D,E,G,I), *p < 0.05; **p < 0.01; 
***p < 0.001.
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including cornea or different areas of skin, have also demonstrated the ability of MMC to promote accumulation 
of various ECM proteins, including collagen I, III, IV, V, and VII, fibronectin, perlecan, and laminin 1. However, 
results have been variable possibly due to differences in culture conditions, MMCs used, and origin of  cells9,43–48.

The above data about distinct abundance of different ECM molecules in MMC cultures suggests that 
mechanical properties of the ECM-niche may also be different compared to nMMC cultures. In fact, MMC has 
been shown to reduce stiffness of ECM by about 60–70% in cultures of neonatal  fibroblasts47,48. Mechanosig-
nalling from ECM is a powerful regulator of gene  expression49. Therefore, according to principle of dynamic 
 reciprocity1,50–53, MMC may promote deposition of compositionally and mechanically distinct ECM-niche by 
fibroblasts, which in turn may regulate various fibroblasts functions such as proliferation, morphology, orien-
tation, and gene expression. In support of this, our findings also showed that MMC significantly changed the 
expression of 25 out of 75 wound healing and ECM-related genes compared to nMMC condition at the 14-day 
endpoint. In particular, MMC induced significant downregulation of 20 genes that encoded six ECM proteins 
(COL1A1, COL5A1, ELN, SPARC , POSTN, and LUM), TIMP4, LOX, LOXL3, LOXL4 and PLOD3 that modulate 
ECM maturation and  stability35,36, various integrin α- and β-subunits involved in cell-ECM interactions, TGF-β 
signaling molecules (TGFB2 and EGR3) that among other things promote ECM deposition by  fibroblasts54,55, 

Figure 8.  Characterization of decellularization methods. (A) Representative standardized immunofluorescence 
images of actin and β-tubulin in 14-day MMC and nMMC cultures before and after  NH4OH-TX-100-DNase 
or latrunculin B-deoxycholate-DNase decellularization protocols. DNA was stained with DAPI nuclear stain 
(blue). (B) Representative standardized phase contrast microscope images of 14-day MMC and nMMC cultures 
before and after sequential incubations with latrunculin B, deoxycholate, and DNase. Inserts show higher 
magnification of select areas. Images in inserts are individually optimized for brightness/contrast. Magnification 
bars = 40 μm.
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myofibroblast-associated ACTA241, and proangiogenic SDF137. In contrast, MMC upregulated expression of 
MMP1 and MMP3, two enzymes involved in ECM  remodeling56,57, ITGA2 and ITGA3, genes encoding integrin 
subunits involved in ECM remodeling and cell adhesion to collagen and laminin,  respectively56,57, and LAMB3 
that encodes the β-chain present in laminin 5 (LM 332)58. Thus, MMC suppressed expression of a set of genes 
that are involved in ECM deposition and increased those involved in ECM remodeling in gingival fibroblasts, 
suggesting an anti-fibrotic effect. Interestingly, when we compared gene expression over time, no significant 
expression changes were noted after day 7, suggesting that while cultures still evolved with regards to protein 
accumulation and cell numbers, the key conditions that regulate gene expression in both MMC and nMMC cul-
tures were already established during the first 7 days. While extensive gene expression analyses as performed in 
this study have not been reported previously, altered expression of a set of genes, including increased expression 
and enzymatic activity of MMPs has been also found in human dermal fibroblast cultures treated with MMC 
(Ficoll 70/400)46,48. However, MMC (Ficoll 70/400) did not alter expression of various collagens, fibronectin, and 
certain cell markers including αSMA in human corneal  fibroblasts43. Thus, gene expression response to MMC 
treatment may be cell type-specific.

Figure 9.  Characterization of cultures and CDMs generated in MMC and nMMC conditions before and after 
decellularization. (A) Representative standardized images of collagen I, collagen IV, cellular fibronectin (EDA-
fibronectin), laminin 1, tenascin C, SPARC, and LTBP1 immunostaining in 14-day MMC and nMMC cultures 
with cells (WC) and after decellularization (CDM) from two repeated experiments. Magnification bar = 40 μm. 
(B,C) Comparison of total (B) and relative (normalized for cell numbers based on nuclear DAPI counts in 
parallel samples) (C) protein amount over time and between MMC and nMMC CDMs. (D) Comparison of total 
protein loss due to decellularization over time between MMC and nMMC CDMs. Results show total protein 
amount (mean + /− SEM) from CDMs relative to corresponding cultures with cells (= 100%) as determined by 
Bradford assay. (B–D) Results show mean + /− SEM from 6 repeated experiments. Statistical testing between 
time points was performed by one-way ANOVA and between treatments at each time point by independent 
samples t-test, *p < 0.05; **p < 0.01; ***p < 0.001.
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Our results showing reduced cell numbers and apparent wider intercellular spaces between cells in MMC 
cultures suggests that the density of cells in MMC is lower compared to nMMC cultures. The mechanisms by 
which MMC affects cell numbers are not known in detail. It is possible that the ECM niche established under 
MMC is less conducive for cell proliferation and/or promotes quiescence, apoptosis, necrosis or senescence 
resulting in a proportional change in proliferating and non-proliferating cells. These processes can be modulated 
by various factors, including specific interactions of cell surface receptors with distinct ECM ligands, mechanical 
signals from ECM, and activation of ECM-bound growth  factors50,59–62 that maybe distinct under MMC culture 
condition. In addition, the transcriptomic change induced by MMC may be also related to reduced cell numbers 
and/or density of the cultures. This is supported by previous studies with 3T3 and primary fibroblasts showing 
that cell growth, and/or increased cell–cell contacts due to higher cell density, can be linked to regulation of gene 
expression or protein  levels63–71. In addition, altered cell morphology, that may also occur in response to higher 
cell density, can result in distinct gene  expression72. We also noted significantly more variable orientation of the 
long axis of the cells and apparently wider cell morphology and intercellular spacing based on immunostaining 
of filamentous β-tubulin cytoskeleton in MMC compared to nMMC cultures. Thus, the topological and other 
cues from the ECM, which define cell orientation, morphology and  function73, may also be modulated by MMC.

Increased accumulation of total proteins both in MMC and nMMC cultures over time can be explained by 
increasing cell numbers in both culture conditions. It is noteworthy, however, that similar to primary human 
dermal fibroblasts cultured with MMCs (Ficoll 70/400)44, gingival fibroblasts showed significantly reduced cell 
numbers in MMC compared to nMMC cultures. Consequently, while total protein accumulation in the cell-
ECM layers was significantly higher in nMMC cultures, when results were normalized for cell numbers, both 
MMC and nMMC cultures showed similar protein levels. Comparison of MMC-induced gene expression and 
accumulation of corresponding ECM proteins in the cell-ECM layer showed different results. For instance, 
while quantitation of collagen I and IV, cellular fibronectin, laminin 1, tenascin C, and LTBP1 showed increased 
protein accumulation in MMC cultures, expression of these genes was downregulated (COL1A1) or unchanged 
(COL4A1, EDA-FN1, TNC, LAMA1, and LTBP1) by MMC. ECM proteins, including collagen, produced by 
fibroblasts can be secreted both into the culture medium and assembled into the cell-ECM layer. Use of MMC is 
expected to promote accumulation of secreted proteins into the cell-ECM layer. Therefore, increased accumula-
tion of the above molecules is likely caused by effect of MMC to promote their deposition from the medium to 
the cell-ECM layer rather than MMC-induced transcriptional regulation of gene expression. The only exception 
for the above was SPARC that showed reduced abundance in MMC cultures at both protein and mRNA levels. 
Thus, SPARC levels may be regulated by transcriptional mechanisms that suppress its expression under the MMC 
culture condition. Another possibility is that remodeling of ECM, including collagen, by changes in MMP/TIMP 
ratio, or its maturation that affects its stability, maybe altered. However, the gene expression analysis showed that 
while MMC significantly upregulated MMP1 and MMP3, it downregulated expression of MMP inhibitor TIMP4 
and LOX, LOXL3, LOXL4 and PLOD3, which mediate ECM crosslinking. Thus, it appears that increased ECM 
stability may not explain increased ECM accumulation by MMC, albeit measurement of mRNA levels do not 
necessarily reflect protein abundance or enzymatic activity.

Interestingly, MMC also potently downregulated markers of profibrotic myofibroblast differentiation. Studies 
have indicated that fibroblast cultures in serum containing medium resemble granulation tissue in early wound 
healing where cells are actively proliferating and depositing ECM. In addition, fibroblasts in such culture condi-
tion express a transcriptome that resembles early wound  healing71,74. Therefore, it is interesting that MMC may 
drive gingival fibroblasts in this wound-like situation to a less profibrotic phenotype. Similar suppression of 
αSMA levels suggesting reduced myofibroblast differentiation have also been reported with cultures of primary 
human dermal fibroblasts using MMC (Ficoll 70/400)44. Considering the above changes of αSMA stress fibers 
over time, it was interesting to note that in both nMMC and MMC cultures total αSMA levels (stress fiber-
associated and non-associated αSMA) were significantly reduced with increasing culture time. Thus, it appears 
that considerably higher proportion of αSMA in nMMC cultures is assembled into stress fibers compared MMC 
cultures. Expression of myofibroblast markers, including αSMA, are regulated by various factors, such as com-
position of ECM, including abundance of cellular fibronectin, mechanosignalling from ECM, cell density, and 
presence of growth factors such as TGF-β141,75, but their role in MMC-mediated suppression of myofibroblast 
phenotype is not known.

MMC also promoted deposition/expression of molecules that are associated with the basement membrane. 
In particular, abundance of type IV collagen and laminin 1 was significantly increased by MMC. In addition, 
expression of mRNA for LAMB3, was significantly increased, while expression of COL7A1, encoding collagen 
VII that forms the anchoring  fibrils9, was unaltered by MMC. Previous findings using primary abdominal human 
skin fibroblasts have demonstrated increased deposition of collagen IV and VII by treatment with MMCs (Ficoll 
70/400)9, while studies using neonatal human skin fibroblasts have shown conflicting results whether MMC 
(Ficoll 70/400) promotes laminin 1  deposition48,76. Thus, the property of MMC to promote deposition/expression 
of basement membrane zone molecules by fibroblasts may depend on phenotype and/or origin of fibroblasts. 
ECM niche present at the basement membrane zone is a critical regulator of growth and function of epithelial 
stem  cells77. Quiescent fibroblasts that reside in normal connective tissue do not appear to actively secrete base-
ment membrane molecules such as collagen IV and laminin 1 and 5. However, upon activation during certain 
physiological or pathological processes, such as development, wound healing, and cancer stroma or in organo-
typic cultures with keratinocytes, they participate in deposition of these  molecules78–88. Although published data 
is scarce, fibroblasts produce only limited amounts basement membrane molecules in standard cultures and this 
maybe also cell type-specific. For instance, compared to human gingival fibroblasts, skin fibroblasts appear to 
produce only negligible levels of laminin 5 (LM 332) in  culture89. The ability of MMC to promote deposition of 
basement membrane components by gingival fibroblasts may open a possibility to generate improved organotypic 
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cultures consisting of epithelial cells and fibroblasts to study epithelial-mesenchymal interactions and to be 
further developed for regenerative therapy.

Effective decellularization that clears all cellular components, including cytoskeletal molecules and DNA, 
is essential to creating standardized and non-immunogenic cell type-specific CDMs for cell culture studies 
and therapeutic applications. However, the traditional  NH4OH/TX-100/DNase cell extraction method that was 
originally developed for cultures of mouse embryonic  fibroblasts27 resulted in incomplete removal of cytoskeletal 
filamentous actin and β-tubulin from the human gingival fibroblast cultures. Latrunculin B, an inhibitor of actin 
polymerization and destabilizer of actin  filaments90,91, has been used previously for effective decellularization 
of mouse and chicken muscle  tissue25,92, but it has not been tested with human fibroblast cultures. Our findings 
showed that latrunculin B followed by sodium deoxycholate and DNase treatment was efficient in removing 
cells, actin, β-tubulin, and DNA from the cultures. Further analysis of the CDMs generated from MMC and 
nMMC cultures using this decellularization method showed that the above differences noted in accumulation of 
the individual ECM molecules in the cultures containing cells were replicated also in the corresponding CDMs. 
Thus, MMC and the novel decellularization method can be used to generate distinct fibroblast-derived CDMs for 
further applications. However, we also noted considerable total protein loss (up to > 80%) due to decellularization 
in both MMC and nMMC cultures. This is not surprising considering that the cultures were composed of ECM 
and layers of cells that were growing in high density. Therefore, removing cells, and likely also cell-associated 
molecules, by decellularization is expected to cause dramatic reduction of total proteins in the cultures. Inter-
estingly, protein loss was distinct for different ECM molecules. For instance, almost 80% of cellular fibronectin, 
but only about 20% of tenascin C, was lost due to decellularization in day 14 cultures. This difference could be 
explained by distinct distribution of cellular fibronectin and tenascin C in intracellular, cell surface, and ECM 
compartments and/or by different susceptibility of the ECM proteins to decellularization reagents. Interestingly, 
loss of collagen I was significantly decreased in older cultures compared to earlier time points, suggesting that 
collagen I fibrils become more stable over time. In addition, collagen I loss was significantly lower in MMC 
compared to nMMC cultures. This could be caused by stabilization of collagen fibrils by increase in activity 
of lysyl oxidase and transglutaminase 2 that have been shown to promote collagen crosslinking under MMC 
 conditions5. In any case, based on previous  studies9,44,93,94 and our findings, different decellularization protocols 
may display distinct efficacy to remove cytoskeletal proteins depending on cell type and culture conditions. In 
addition, fibroblast cultures generated with MMC may be partially protected from loss of fibronectin, collagen 
I and IV, and laminin 1.

The present proof-of-principle study provided first evidence of the utility of MMC technology in gingival 
fibroblast cultures. However, finding out tissue type-specific properties of the cultures requires analysis of parallel 
cell cultures isolated from multiple gingival tissue donors and their comparison to cultures with cells isolated 
from other tissues, such as skin. Future studies should also interrogate in more detail levels and function/activ-
ity of key proteins in cultures generated with MMC. These studies should also include large scale proteomes 
of human gingival fibroblast 3D cultures generated with MMC in comparison to the gingival tissue in vivo to 
characterize their similarities and differences in more detail. Based on our findings cell cultures and CDMs gen-
erated with MMC and the novel decellularization protocol could offer new tools to study in vivo-like cell-ECM 
interactions in vitro and provide a substitute for animal experiments. Furthermore, if MMC-derived CDMs 
recapitulate the above anti-fibrotic effect found in MMC cultures, they may have use as a less fibrotic wound 
healing model to study cell–matrix interactions. In addition, they could be developed into novel tissue-specific 
cell-derived biomaterials that can be used to promote scar-free wound healing.

Data availability
The datasets generated and/or analyzed during the current study are available from the corresponding author 
upon request.
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