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Supplemental movie 1: Time-lapse widefield microscopy movie showing how fibroblasts harvest 
fibronectin adsorbed to the glass substrate.  The left panel shows fibroblasts in phase contrast and 
the right panel shows the Alexa-546 labeled fibronectin coating.  The glass was coated with 
100μg/mL Alexa-546 labeled fibronectin for one hour before cell seeding.  Human skin fibroblasts 
were seeded at 4,000 cells/cm2 and allowed to adhere 24 hours before media was changed to 
containing Ficoll (37.5mg/mL 70kDa + 25mg/mL 400kDa).  Movie acquisition started approximately 
one hour after media change.  Since the movie starts approximately 24 hours after cell seeding, some 
of the coating has already been scraped off at the start of acquisition.  The movie captures 10 hours 
of cell culture.  Cells can be seen migrating, scraping off the coating, and dividing.  Note that two cell 
rounding and division events were captured here, during which the cells did not scrape off 
fibronectin.

Supplemental movie 2: Single widefield fluorescence image of matrix assembled in 16 hours in the 
presence of Ficoll.  Different channels are turned on and off to show proximity of fibronectin (red) 
and collagen I (green).  Images are from the same data set used for main text Figure 1.

Supplemental movie 3: Single widefield fluorescence image of matrix assembled in 2 days in the 
presence of Ficoll.  Different channels are turned on and off to show proximity of fibronectin (red) 
and collagen I (green).  Images are from the same data set used for main text Figure 2.

Supplemental movie 4: Confocal z-stack of matrix produced in 6 days without and with Ficoll.  The 
top row shows -Ficoll and the bottom row shows +Ficoll.  Fibronectin and collagen I are shown side-
by-side for each condition.  The z-stack repeats 4 times.  Z-step = 1μm.  The images are from a 
different experiment, but with the same conditions as the data set used for main text Figure 3.
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Supplemental figure 1: Widefield greyscale images captured with a 20x objective of cells and matrix 
assembled in 16 hours +/-Ficoll (37.5mg/mL 70kDa + 25mg/mL 400kDa).  Images are from the same 
data set used for main text Figure 1.  Glass substrates preadsorbed with 50μg/mL plasma fibronectin 
(10% Alexa-647-labeled).  Cells cultured in MEM Alpha supplemented with 10% fetal bovine serum, 
1% penicillin-streptomycin, 100μM L-ascorbic acid 2-phosphate, and 50μg/mL plasma fibronectin 
(10% Alexa-647-labeled).



Supplemental figure 2: Widefield greyscale images captured with a 20x objective of cells and matrix 
assembled in 2 days +/-Ficoll (37.5mg/mL 70kDa + 25mg/mL 400kDa).  Images are from the same 
data set used for main text Figure 2. Glass substrates preadsorbed with 50μg/mL plasma fibronectin 
(10% Alexa-647-labeled).  Cells cultured in MEM Alpha supplemented with 10% fetal bovine serum, 
1% penicillin-streptomycin, 100μM L-ascorbic acid 2-phosphate, and 50μg/mL plasma fibronectin 
(10% Alexa-647-labeled).



Supplemental figure 3: Widefield greyscale images captured with a 20x objective of cells and matrix 
assembled in 6 days +/-Ficoll (37.5mg/mL 70kDa + 25mg/mL 400kDa).  Images are from the same 
data set used for main text Figure 3. Glass substrates preadsorbed with 50μg/mL plasma fibronectin 
(10% Alexa-647-labeled).  Cells cultured in MEM Alpha supplemented with 10% fetal bovine serum, 
1% penicillin-streptomycin, 100μM L-ascorbic acid 2-phosphate, and 50μg/mL plasma fibronectin 
(10% Alexa-647-labeled).



Supplemental figure 4: Fibronectin matrix assembly quantified by antibody staining.  Reported 
values are the summed intensity of fibronectin fluorescence signal, normalized to the average in -
Ficoll control.  See main text Figures 1-3 for comparable quantification with Alexa 647-fibronectin.  * 
indicates p<0.05, **** indicates p<0.0001



Supplemental figure 5: Fibronectin on the glass surface after 2 days culture +/-Ficoll, both with and 
without 50μg/mL human plasma fibronectin supplemented to the medium.  Reported values are the 
summed intensity of fibronectin antibody-stain divided by the area.  *** indicates p<0.001, **** 
indicates p<0.0001.  Same data set as shown in main text Figure 5.



Supplemental figure 6: Fibronectin-FRET denaturation curve.  The Fn-FRET probe was gradually 
denatured in increasing concentrations of the chemical denaturant guanidine hydrochloride and the 
FRET ratio was measured in solution.  Reported values are the average FRET ratio for 5 individual 
measurements at each concentration of GdnHCl.  See main text Figure 6.



Supplemental figure 7: In order to confirm that the dark areas in the fibronectin channel on cross-
linked fibronectin coating are shadows from the cells rather than digested or harvested coating (see 
main text Figure 7), one sample was treated with trypsin before fixing and staining.  The sample was 
otherwise treated the same as all others.  On the left is a standard sample with cells, and on the right 
is a sample where cells have been removed by trypsin (except for one that remained adherent).  The 
top images show both cells and fibronectin, whereas the bottom images show only the fibronectin 
channel.  The fact that all dark areas in the fibronectin channel disappeared with trypsin treatment 
(except the one where a cell remained) confirms that the cross-linked coating is still intact and the 
dark areas are places where the fibronectin antibody could not access the coating.



Supplemental table 1: Summary of literature related to the use of crowding to enhance matrix 
assembly.

Cell/Tissue 
Type Crowder Key Findings Reference

Human 
fibroblasts

500kDa Dextran Sulfate 
(DxS) 100 μg/mL

 Conversion of unprocessed procollagen in 
media to collagen in matrix

 No impact of neutral Dextran at 100μg/mL

Lareu et al., Tissue Eng. 
(2007)(1)

Human lung 
fibroblasts

500kDa DxS 100μg/mL

200kDa polysodium-4-
styrene sulfonate (PSS) 
100μg/mL

 Accelerated activity of procollagen C-
proteinase

 Effective in 2D and 3D (2D>>3D)
 No impact of 70kDa Ficoll, 400kDa Ficoll at 

50mg/mL, or 10kDa DxS at 100ug/mL
 Hydrodynamic radius and charge of 

crowder affect result

Lareu et al., FEBS Letters 
(2007)(2)

Human lung 
fibroblasts

500kDa DxS 100μg/mL

Ficoll mixture 
(37.5mg/mL 70kDa + 
25mg/ml 400kDa)

 Used crowding to create an in vitro fibrosis 
model to screen antifibrotic compounds

 Faster, more granular matrix assembly 
with DxS than Ficoll

Chen et al., Br. J. 
Pharmacol. (2009)(3)

Several cell 
types

500kDa DxS 100μg/mL

Ficoll mixture

 Assembly of many ECM components 
increased by DxS

Chen et al., Adv. Drug 
Deliv. Rev. (2011)(4)

Human lung 
fibroblasts 500kDa DxS 100μg/mL

 Matrix assembled by fibroblasts with 
crowding supported stable propagation of 
human embryonic stem cells better than 
Matrigel

Peng et al., J. Tissue Eng. 
Regen. M. (2012)(5)

Human 
mesenchymal 
stem cells

Ficoll mixture
 Increased matrix assembly, alignment
 Feedback to cells: cytoskeletal alignment, 

increased adhesion, proliferation

Zeiger et al., PLoS One 
(2012)(6)

Porcine 
chondrocytes Ficoll mixture

 Increased collagen and glycosaminoglycan 
production in 2D but not in 3D model (PGA 
unwoven fibers)

Chen et al., Tissue Eng. 
Part C (2013)(7)

Human 
corneal, lung, 
and dermal 
fibroblasts

MSCs

Caregeenan type 1 (CR) 
75μg/mL

 Increased collagen I and fibronectin 
deposition by all cell types.  Degree of 
effect was cell type dependent.

Kumar et al., Adv. Sci. 
Tech. (2014)(8)



Human MSCs Ficoll mixture

 Enhanced adipogenic differentiation 
(chemically induced): more lipid 
production, more ECM

 Adipo-ECM generated under crowding also 
promoted enhanced differentiation

Ang et al., Tissue Eng. 
Part A (2014)(9)

Human 
fibroblasts

MSCs

Polyvinyl pyrolidone 
(PVP)

 PVP has a similar ECM enhancing effect as 
Ficoll but can achieve higher FVO without 
increased viscosity.

Rashid et al., Tissue Eng. 
Part C (2014)(10)

Human lung 
fibroblasts, 
tenocytes, 
osteoblasts

500kDa DxS 100μg/mL

CR 75μg/mL

 Low serum (0.5%) resulted in higher 
collagen I production with crowding

 Generated cell-sheet that could be 
released from pNIPAAm substrate

 Many matrix components enhanced by CR

Satyam et al., Adv. 
Mater. (2014)(11)

Cell-free 
collagen gel 
formation

400kDa Ficoll 0-25mg/mL

 Rate of collagen nucleation and fiber 
growth can be tuned by crowding level 
resulting in altered fiber diameter and 
organization

Dewavrin et al., Acta. 
Biomater. (2014)(12)

Bovine 
vascular 
endothelial 
cells

Ficoll mixture  Greater amount of collagen IV produced, 
more aligned

Liu et al., Meter. Res. 
Soc. Symp. Proc. 
(2014)(13)

Rat vocal fold 
fibroblasts Ficoll mixture

 Increased collagen I assembly with 
crowding and TGFβ-1, toward the goal of in 
vitro fibrosis drug screening

Graupp et al., 
Laryngoscope (2014)(14)

Human 
corneal 
fibroblasts

Ficoll mixture

 Production of a cell-sheet that could be 
released from temperature responsive 
polymer in 6 days

 No change in ECM gene expression or 
αSMA expression

 Effective in medium containing both 
bovine and human serum

Kumar et al., Sci. Rep. 
(2015)(15)

Cell-free 
collagen gel 
formation

40kDa and 360kDa PVP

70kDa and 200kDa 
Dextran

70kDa and 400kDa Ficoll

 Mixtures of different size crowders have a 
synergistic effect that results in higher 
volume exclusion than the simple sum of 
hydrodynamic radii

Dewavrin et al., J. Phys. 
Chem. B (2015)(16)

Human 
corneal 
fibroblasts

500kDa DxS 100μg/mL

CR 75ug/mL

 Similar matrix enhancing effect of DxS and 
CR

 DxS caused some changes in gene 
expression toward myofibroblast, whereas 
CR didn’t

Kumar et al., Tissue Eng. 
Part C (2015)(17)



Human MSCs Ficoll mixture + 10kDa 
DxS 100μg/mL

 Produced ECM that retained 
glycosaminoglycans and growth factors 
and supported hematopoietic stem and 
progenitor cell expansion

Prewitz et al., 
Biomaterials (2015)(18)

Organotypic 
skin culture 
(human 
keratinocytes 
and 
fibroblasts)

Ficoll mixture

 Improved organotypic coculture with 
crowding, improved ECM assembly and 
promoted formation of a collagen VII-rich 
dermal-epidermal junction

Benny et al., Tissue Eng. 
Part A (2015)(19)

Human bone-
marrow MSCs 
(bmMSCs)

Ficoll mixture

 Enhanced brown-adipocyte differentiation 
as well as “browning” of bmMSC-derived 
white adipocytes, attributed to MMC 
induced 3D ECM that encapsulated cells

Lee et al., Sci. Rep. 
(2016)(20)

Human 
dermal 
fibroblasts

CR 75μg/mL

 Optimized oxygen tension and serum 
concentration in culture with CR: 2% 
oxygen tension and 0.5% serum lead to the 
most matrix with CR

Satyam et al., Acta. 
Biomater. (2016)(21)

Human 
bmMSCs CR 75μg/mL

 CR enhanced matrix assembly at both 2% 
and 20% oxygen tension

 Matrix gene expression, surface markers, 
and transcription factors not affected

 Differentiation potential was sensitive to 
oxygen tension and crowding

Cigognini et al., Sci. Rep. 
(2016)(22)

Human 
corneal 
fibroblasts

CR 75μg/mL

 Optimized oxygen tension and serum 
concentration in culture with CR: 2% 
oxygen tension and 0.5% serum lead to the 
most matrix with CR

Kumar et al., J. Tissue 
Eng. Regen. M. 
(2017)(23)

Adipose stem 
cells Ficoll mixture

 Osteogenesis and adipogenesis enhanced 
by MMC, chondrogenesis inhibited in 
medium with human or bovine serum

 MMC was not beneficial in xeno-
free/serum-free medium

Patrikoski et al., Stem 
Cells Int. (2017)(24)

Reconstituted 
porcine 
kidney matrix

400kDa Ficoll
 Crowding level modulated the fibrillation 

kinetics and matrix architecture, as well as 
distribution of ECM components

Magno et al., Acta 
Biomater. (2017)(25)

Drop-on-
demand 
bioprinting

PVP
 Controlled the architecture of bioprinted 

collagen hydrogel with PVP, could vary 
architecture within gel

Ng et al., Biomater. Sci. 
(2018)(26)

Human 
chondrocytes CR 100μg/mL  Some benefit of MMC in chondrocyte 

culture, but not as much as other cell types

Graceffa et al., J. Tissue 
Eng. Regen. M. 
(2019)(27)



Human 
dermal 
fibroblasts

CR

Ficoll

DxS

 Tested several different cocktails of 
crowders with different components and 
molecular weight, found polydispersity and 
negative charge to be important factors 
driving matrix assembly

Gaspar et al., Acta 
Biomater. (2019)(28)



Supplemental table 2: Summary of findings regarding the effect of Ficoll on the amount of collagen I 
matrix at late timepoints.  Only studies with standard Ficoll mixture (37.5mg/mL 70kDa + 25mg/mL 
400kDa) as the crowder and supplemental ascorbic acid in culture media were included.  Entries 
without references specified are from the same study as the row above.

Protein Cell type Crowder Time point Fold change 
in collagen Method Reference

Collagen I Dermal 
fibroblasts Ficoll 7 days No change SDS-PAGE of pepsin 

digested cell layers

Gaspar et al., Acta 
Biomater. 
(2019)(28)

14 days 1.3x

Collagen I Dermal 
fibroblasts Ficoll 6 days

Increased 
(fold-change 

not clear)

Immunofluorescence, 
thresholded area of 

matrix normalized to 
cell count

Rashid et al. Tissue 
Eng. Part C 
(2014)(10)

Mesenchymal 
stem cells >5x

Total 
collagen

Mesenchymal 
stem cells

Ficoll + 
dextran 
sulfate

10 days 0.5x

Sircol assay of pepsin 
digested 

decellularized ECM 
layers

Prewitz et al., 
Biomaterials 
(2015)(18)

Collagen I Mesenchymal 
stem cells Ficoll 7 days No change SDS-PAGE of pepsin 

digested cell layers

Cigognini et al., 
Sci. Rep. 

(2016)(22)

14 days No change

Collagen I Corneal 
fibroblasts Ficoll 6 days >3x

SDS-PAGE of pepsin 
digested media and 

cell layers

Kumar et al. Sci. 
Rep. (2015)(15)
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