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Abstract

Biochemical and biophysical factors need consideration when modelling in vivo cellular behaviour using in 
vitro cell culture systems. One underappreciated factor is the high concentration of macromolecules present 
in vivo, which is typically not simulated under standard cell culture conditions. This disparity is especially 
relevant when studying biochemical processes that govern extracellular matrix (ECM) deposition, which 
may be altered due to dilution of secreted macromolecules by the relatively large volumes of culture medium 
required for cell maintenance in vitro. Macromolecular crowding (MMC) utilises the addition of inert 
macromolecules to cell culture medium to mimic such high concentration environments found in vivo. The 
present study induced MMC using the sucrose polymer Ficoll and examined whether fibrillin-1 deposition by 
human lung fibroblasts could be augmented. Fibrillin-1 forms extracellular microfibrils, which are versatile 
scaffolds required for elastic fibre formation, deposition of other ECM proteins and growth factor regulation. 
Pathogenic variants in the fibrillin-1 gene (FBN1) cause Marfan syndrome, where ECM deposition of fibrillin-1 
can be compromised. Using immunocytochemistry, significantly enhanced fibrillin-1 deposition was observed 
when lung fibroblasts were cultured under MMC conditions. MMC also augmented fibrillin-1 deposition 
in Marfan syndrome patient-derived skin fibroblasts in a cell line- and likely FBN1 variant-specific manner. 
The ability of MMC to increase fibrillin-1 deposition suggested potential applications for tissue-engineering 
approaches, e.g. to generate tendon or vascular tissues, where fibrillin-1 microfibrils and elastic fibres are 
key determinants of their biomechanical properties. Moreover, it suggested the potency of MMC to better 
mimic in vivo ECM environments in cell culture studies.
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ANOVA analysis of variance
BMP  bone morphogenetic protein
DAPI  4′,6-diamidino-2-phenylindole
DMEM  Dulbecco’s modified Eagle medium
ECM  extracellular matrix
FBN1  fibrillin-1 (gene)
FBS  foetal bovine serum
FITC  fluorescein isothiocyanate
GAPDH glyceraldehyde 3-phosphate 
   dehydrogenase
LTBP  latent transforming growth factor β
   binding protein
MMC  macromolecular crowding
PAGE  polyacrylamide gel electrophoresis

PBS  phosphate-buffered saline
PVDF  poly-vinylidene difluoride
RT   room temperature
SDS  sodium dodecyl sulphate
TBS  Tris-buffered saline
TBS-T  TBS + 0.1 % Tween 20
TGFβ  transforming growth factor β

Introduction

The biophysical and biomechanical properties 
required for tissue function of tendons, blood vessels, 
lungs, skin, etc. are largely defined by the dense 
ECM, which is synthesised and remodelled by tissue 
resident cells (Karamanos et al., 2021; Taye et al., 2020; 
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 Prior literature documented enhanced deposition 
of collagen types I, III, IV, V and VI and of fibronectin 
in the presence of MMC reagents (Garnica-Galvez et 
al., 2021; Kumar et al., 2015). However, very limited 
data are available on how MMC affects deposition of 
other structural ECM components, such as fibrillin-1. 
The motivations to investigate the role of MMC in 
fibrillin-1 deposition follow its importance as an 
ECM scaffolding molecule for components of the 
elastic fibre system and its involvement in Marfan 
syndrome. Fibrillin-1 is a structural ECM protein 
that forms microfibrils in a hierarchical assembly 
process requiring multimerisation, N-to-C-terminal 
self-interactions and ECM deposition on a fibronectin 
template in mesenchymal cells (Hubmacher et al., 
2008; Lin et al., 2002; Sabatier et al., 2009). Fibrillin-1 
microfibrils serve as a scaffold for elastin deposition 
and elastic-fibre formation. Moreover, microfibrils 
are required for the ECM deposition of proteins, such 
as LTBPs, fibulins and BMPs (El-Hallous et al., 2007; 
Kumra et al., 2019; Sengle et al., 2008; Zilberberg et al., 
2012). As such, fibrillin-1 not only endows connective 
tissue integrity but also directly participates in TGFβ 
and BMP signalling regulation. Pathogenic variants 
of FBN1 can cause connective tissue disorders, such 
as Marfan syndrome, Weill-Marchesani syndrome 
or geleophysic dysplasia (Dietz et al., 1991; Faivre 
et al., 2003; Le Goff et al., 2011; Stanley et al., 2020). 
Since fibrillin-1 microfibrils are mediators of elastic-
fibre formation, promoting fibrillin-1 microfibril 
formation in the ECM could be an important step for 
the successful engineering of elastic tissues, such as 
tendon or blood vessels, where elastic fibres, together 
with collagens and proteoglycans, determine their 
biomechanical properties.
 Using human lung fibroblasts and Marfan 
syndrome patient-derived skin fibroblasts, it 
was determined that MMC augmented fibrillin-1 
deposition – specifically early in the cell-culture 
period – in the ECM of lung fibroblasts and 
some Marfan syndrome fibroblasts. In addition, 
fluorescently labelled Ficoll could be detected in the 
cell layer, raising the possibility that it may interfere 
with some processes in the ECM or in the pericellular 
matrix.

Materials and Methods

Cell culture
Human lung fibroblasts (WI-38, American Type 
Culture Collection) were cultured on 100 mm 
cell culture dishes (Corning Falcon) in DMEM 
(ThermoFisher Scientific) containing 1 % L-glutamine, 
10 % FBS, 100 units/mL penicillin and 100 μg/
mL streptomycin (complete DMEM). Cells were 
incubated at 37 °C and 5 % CO2 in a humidified 
incubator and medium was changed every 3-4 d. 
Primary human dermal fibroblasts derived from 
Marfan syndrome patients were purchased from the 

Theocharis et al., 2019). Consequently, most cells are 
surrounded in vivo by tissue-specific combinations 
of various ECM proteins, including fibrillins, elastin, 
collagens, proteoglycans and glycosaminoglycans as 
well as latent and active signalling molecules. As a 
result, the microenvironment surrounding the cells 
contains a high concentration of macromolecules, 
i.e. is crowded (Mecham and Heuser, 1990). Because 
cell culture medium lacks the diversity and density 
of molecules surrounding cells in vivo, innovation 
in cell culture requires an appreciation of how these 
concentrated extracellular environments impact cell 
behaviour. While a perfect replication of these in 
vivo cell environments may prove unattainable in 
cell culture settings, inert macromolecules can be 
added to artificially enhance the concentration of 
secreted macromolecules in cell culture and, thus, 
guide biological processes, such as ECM deposition, 
which are frequently concentration dependent. This 
approach is called MMC and is designed to more 
faithfully model cellular in vivo microenvironments 
in vitro (Ellis, 2001; Zeugolis, 2021).
 MMC centres on the principle of volume exclusion 
by inert macromolecules, where a high concentration 
of macromolecules results in a reduction in available 
space to be occupied by soluble components secreted 
by cells in culture (Tsiapalis and Zeugolis, 2021). This 
reduction in available volume promotes biochemical 
interactivity through spatial confinement. The 
concept was initially described in the early 1960s by 
A.G. Ogston, who studied the capacities of hyaluronic 
acid to reduce the solubility of inulin and other 
molecules by steric or volume exclusion (Ogston 
and Phelps, 1960; 1961). Laurent (1963) showed 
that the addition of the uncharged polysaccharides 
dextran and Ficoll to solutions of albumin, γ-globulin, 
fibrinogen or α-crystallin decreases the solubility of 
these proteins. These experiments were designed to 
model the high macromolecular density in the ECM 
and investigate how it might affect deposition of 
proteins such as ECM components.
 The range of processes impacted by MMC-
mediated volume exclusion has experimentally been 
shown to include protein folding, DNA replication, 
DNA transcription, rate of enzymatic reactions, 
protein-protein interaction and cell function (Rivas 
and Minton, 2016; Tsiapalis and Zeugolis, 2021). 
The higher effective concentrations of molecules 
alter the rates and equilibrium constants of their 
reactions and promote association between them. 
Thus, MMC affects not only protein solubility but 
also protein interactivity, enhancing reaction rates by 
several orders of magnitude. In the ECM, expedited 
collagen deposition is a function of several MMC 
thermodynamic effects, including optimisation of 
protein folding, enhanced proteolytic procollagen 
processing, increased protein aggregation, as well 
as polymerisation, of monomers and decreased 
solubility to accelerate deposition of mature collagen 
fibres (Chen et al., 2013; Gaspar et al., 2019; Graham 
et al., 2019; Lareu et al., 2007).
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Coriell Institute for Medical Research (Camden, NJ, 
USA) and were cultured as described above (Table 1).

MMC
Ficoll 70 (GE-0310-10) and Ficoll 400 (F8016) were 
purchased from Sigma-Aldrich and lambda-
Carrageenan (C331325g) was purchased from Thermo 
Fisher Scientific. Ficoll is a high molecular weight, 
non-ionic, highly branched, sucrose polymer with 
low osmolarity and low membrane permeability, 
synthesised by copolymerisation of sucrose and 
epichlorohydrin. Ficoll is hydrophilic due to a high 
hydroxyl content and is stable in aqueous solutions at 
alkaline and neutral pH. Ficoll 70 and Ficoll 400 were 
dissolved at a concentration of 62.5 mg/mL in DMEM 
by vigorous vortexing, as previously described 
(Zeiger et al., 2012). Complete DMEM containing 
Ficoll was stored at 4 °C and used within 10 d. The 
Ficoll mix was prepared by dissolving Ficoll 70 and 
Ficoll 400 in complete DMEM at a ratio of 60:40 (w/w) 
(37.5 mg/mL and 25 mg/mL, respectively). Lambda-
Carrageenan is an anionic mucopolysaccharide 
derived from red algae that does not gel or form 
helical structures. It was dissolved in complete 
DMEM at concentrations ranging from 10 µg/mL to 
200 µg/mL (De Pieri et al., 2020). The MMC reagents 
were added 24 h after cell seeding and replenished, 
together with fresh complete DMEM, after 3 d for 
the 7 d culture period. Ficoll 70 (FP70) and Ficoll 
400 (FP400) conjugated with FITC were purchased 
from TdB Labs (Uppsala, Sweden) and prepared and 
applied as described above.

Immunocytochemistry staining
50,000 cells per well (38,000 cells/cm2) were seeded 
in 8-well chamber slides (CELLTREAT Scientific 
Products, Pepperell, MA, USA) and cultured in 
0.5 mL complete DMEM. This cell density allows for 
the synthesis of a robust ECM, including fibrillin-1 
fibres, but is somewhat lower than in previous 
reports using primary Marfan syndrome patient-
derived fibroblasts (Balic et al., 2021; Godfrey et 
al., 1995; Hubmacher et al., 2005; Raghunath et al., 
1993; Sabatier et al., 2009). For both the 4 d and 7 d 
culture periods, MMC reagents dissolved in complete 
DMEM were added 24 h after seeding. For the 7 d 

culture period, the medium was replenished with 
fresh Ficoll-containing complete DMEM 4 d after 
seeding. 4 or 7 d after seeding, i.e. 3 and 6 d of MMC/
Ficoll treatment, the medium was removed, cells 
were rinsed once in PBS and fixed using ice-cold 
70 % methanol/30 % acetone (v/v) for 5 min. Fixed 
cells were rinsed again in PBS and blocked for 1 h 
at RT in 10 % normal goat serum in PBS (blocking 
buffer). Cells were subsequently incubated for 
2 h at RT with primary antibodies raised against 
fibrillin-1 (polyclonal, 1:1,000) and fibronectin (clone 
FN-15, 1:500, Sigma-Aldrich, F7387) diluted in 
blocking buffer. The polyclonal antiserum against 
the C-terminal half of fibrillin-1 has been described 
previously (Tiedemann et al., 2001). Cells were rinsed 
3 × 5 min in PBS before incubation for 2 h at RT with 
the secondary antibodies goat-anti-mouse Alexa-488 
and goat-anti-rabbit rhodamine red X, diluted 
1:200 (Jackson ImmunoResearch Laboratories) in 
blocking buffer. Finally, cells were rinsed 3 × 5 min 
in PBS and mounted on microscope slides using the 
ProLong Diamond Antifade Mountant containing 
DAPI nuclear stain (ThermoFisher Scientific). The 
slides were imaged using a Zeiss Axio Observer 
Z1 Fluorescence Motorized Microscope w/ Definite 
Focus.

Quantification and analysis of immunocytochemistry 
images
Fluorescence intensities from the individual channels 
were extracted using the ZEISS ZEN lite software 
(Zeiss) and fluorescence intensity profiles were 
generated using Fiji/ImageJ (Schindelin et al., 2012). 
Arithmetic mean pixel intensities for each fluorescence 
channel in each of the images were normalised to 
the corresponding arithmetic mean pixel intensity 
of the DAPI signal as a surrogate for cell number. 
Parameters for ECM networks, including number of 
branches and number of junctions were determined 
using Fiji/ImageJ as described recently (Zhang et al., 
2020). Briefly, images from individual channels were 
despeckled 3 times to remove background noise and 
the “Skeletonize (2D/3D)” plugin followed by the 
“Analyze Skeleton” were applied to determine the 
number of branches and junctions as markers of ECM 
network complexity.

Coriell ID FBN1 exon FBN1 variant1
Fibrillin-1 amino 

acid change2 Age at sampling/sex Reference

GM21932 38 c.4766G>T p.Cys1589Phe 25 years / male Tynan et al. (1993)

GM21954 15 c.1909T>C p.Cys637Arg 13 years / male Schrijver et al. 
(1999)

GM21966 7 c.745G>T p.Glu249* 67 years / male Schrijver et al. 
(2002)

GM21989 50 c.6283insC p.Asp2104* 22 years / male Schrijver et al. 
(2002)

Table 1. Molecular characteristics of Marfan syndrome patient-derived skin fibroblasts. 1 Nomenclature 
based on the fibrillin-1 RefSeq NM_000138.5. 2 Numbering based on RefSeq NP_000129.
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SDS-PAGE and Western blotting
300,000 cells per well (31,600 cells/cm2) were seeded 
in 6-well plates (Corning Falcon) and cultured in 
the presence or absence of Ficoll 400 in serum-free 
DMEM. After 4 d (3 d with Ficoll 400), culture 
medium was collected and cleared from cell debris by 
centrifugation at 15,000 ×g for 5 min at 4 °C. 56 μL of 
supernatant were combined with 14 μL of 5× reducing 
SDS-PAGE loading buffer (0.5 mol/L Tris pH 6.8, 
5 % 2-mercaptoethanol, 20 % SDS, 1 % bromophenol 
blue, 50 % glycerol) and incubated for 5 min at 95 °C. 
The cell layer was rinsed once with 1 mL PBS, lysed 
using 100 μL lysis buffer (0.1 % NP40, 0.01 % SDS, 
0.05 % Na-deoxycholate in PBS), removed using a cell 
scraper (CELLTREAT Scientific Products, Pepperell, 
MA, USA) and transferred into an Eppendorf tube. 
After 5 min incubation, cell lysates were centrifuged 
at 15,000 ×g for 15 min at 4 °C. The supernatant was 
combined with 25 μL 5× SDS-PAGE loading buffer 
and incubated at 95 °C for 5 min.
 The denatured proteins from culture media or 
cell lysates were separated on a 6 % polyacrylamide 
gel by SDS-PAGE using a Mini-PROTEAN Tetra 
Electrophoresis System (Bio-Rad) run at 90 mV 
for 30 min and 120 mV until completion. Then, the 
proteins were transferred from the gel onto PVDF 
membranes (Immobilon-FL, Merck Millipore) by 
wet transfer at 70 mV for 1.5 h using a 25 mmol/L 
Tris, 192 mmol/L glycine and 20 % methanol transfer 
buffer. Following transfer, membranes were blocked 
for 1 h using 5 % (w/v) non-fat dry milk in TBS 
(10 mmol/L Tris-HCl, pH 7.2, 150 mmol/L NaCl).
 The primary antibodies against fibrillin-1 and 
fibronectin were used at a 1:500 dilution in 5 % milk 
in TBS + 0.1 % Tween 20 (TBS-T) overnight at 4 °C. 
GAPDH, detected using the monoclonal antibody 
MAB374 (1:500, Sigma-Aldrich), was utilised for 
normalisation. Following incubation with primary 
antibodies, membranes were washed 3 × 5 min 
with TBS-T at RT, followed by incubation with the 
secondary antibodies IRDye goat-anti-mouse (green) 
and IRDye goat-anti-rabbit (red) (1:10,000, LI-COR) 
diluted in 5 % (w/v) non-fat dry milk in TBS-T for 2 h 
at RT. After incubation, blots were rinsed 3 × 5 min 
in TBS-T, 1 × 5 min in TBS and 1 × 5 min in water.
 Membranes were imaged using a LI-COR Odyssey 
Classic Imaging System (LI-COR Biosciences). 
Quantification and densitometric analysis were 
conducted using Fiji/ImageJ software where the 
red and green fluorescence of individual bands 
were quantified through colour histogram analysis 
and GAPDH bands through mean grey intensity. 
Fibrillin-1 and fibronectin band intensities were 
normalised to GAPDH.

Statistical analysis
Statistical analysis was performed using OriginPro 
2019 software (OriginLab Corporation, Northampton, 
MA, USA). Pairwise comparisons were evaluated 
using two-sample Student’s t-test. One-way ANOVA 

followed by a post-hoc Tukey test was used to 
compare multiple groups. Statistical significance was 
considered for p < 0.05. Experiments were performed 
at least in biological triplicates and multiple fields of 
view were analysed.

Results

MMC with Ficoll promoted fibrillin-1 deposition 
after a 4 d culture period
The effects of the two MMC reagents, Ficoll 70 and 
Ficoll 400, on fibrillin-1 deposition in the ECM of 
human lung fibroblasts were investigated. Ficoll 70 
and Ficoll 400 are non-ionic, highly branched sucrose 
polysaccharides of 70 ± 10 kDa and 400 ± 100 kDa 
molecular weight, respectively, previously used 
in MMC experiments either individually or in 
combination in a 60:40 (w/w) ratio, referred to from 
here on as Ficoll mix (Chen et al., 2011; Gaspar et 
al., 2019). Fibrillin-1 and fibronectin deposition, 
the latter being required for fibrillin-1 deposition 
in fibroblasts, were visualised by immunostaining 
(Sabatier et al., 2009). When Ficoll 400 was added, 
fibrillin-1 deposition in the ECM was significantly 
increased compared to untreated controls after 4 d 
in culture, i.e. 3 d following addition of the MMC 
reagent (Fig. 1a,b). MMC treatment with either 
Ficoll 70 or Ficoll mix showed non-significant 
changes in fibrillin-1 deposition in the ECM (Fig. 
1a,b). Fibronectin deposition was also significantly 
increased upon treatment with Ficoll 400, but not 
with Ficoll 70 or Ficoll mix (Fig. 1a,b). However, the 
fold-increase of fibronectin was lower compared 
to fibrillin-1. Fibrillin-1 and fibronectin networks 
deposited in the presence or absence of MMC 
reagents were additionally analysed for parameters 
characterising ECM network complexity (Zhang et 
al., 2020). The numbers of branches and junctions 
in fibrillin-1 networks were significantly increased 
under all MMC conditions, indicative of a denser 
ECM network (Fig. 1c,d). However, the strongest 
increase was observed with Ficoll 400, which caused 
a significantly larger increase compared to Ficoll 70 or 
Ficoll mix conditions. The fibronectin ECM network 
showed significant increases in branch numbers 
when Ficoll 400 or Ficoll mix, but not Ficoll 70, were 
added and significant changes in the number of 
junctions under all conditions (Fig. 1c,d). Similar to 
the fibrillin-1 network parameters, the increases were 
most pronounced after treatment with Ficoll 400.
 To determine if the amount of fibrillin-1 or 
fibronectin protein changed, the cell/ECM lysates and 
conditioned media harvested from Ficoll 400-treated 
as well as untreated lung fibroblasts were analysed 
by semi-quantitative Western blotting (Fig. 1e,f). 
Densitometric analysis demonstrated a significant 
decrease in the amount of soluble fibrillin-1 protein in 
conditioned medium of lung fibroblasts when treated 
with Ficoll 400, compared to untreated controls (Fig. 
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1f). The amount of fibrillin-1 and fibronectin present 
in the cell lysate/ECM layer showed higher variability 
amongst the various conditions but collectively no 
statistically significant changes in the band intensities 
were observed.

Fibrillin-1 deposition was not further enhanced 
with Ficoll after a 7 d culture period
To test if fibrillin-1 deposition could be further 
enhanced by prolonged culture periods in the 
presence of MMC reagents, fibrillin-1 and fibronectin 

Fig. 1. MMC with Ficoll promoted fibrillin-1 deposition in 4 d cultures. (a) Representative images 
of indirect immunofluorescence staining for fibronectin (FN) and fibrillin-1 (FBN1) deposited by lung 
fibroblasts after 3 d in the absence (Ctrl) or presence of Ficoll 70 (70), Ficoll 400 (400) or Ficoll mix (Mix). 
Nuclei were stained with DAPI. Scale bars = 200 µm. Quantification of (b) fluorescence intensity normalised 
to DAPI, (c) number of branches and (d) number of junctions. Boxes represent the 25th-75th percentile 
range and whiskers the standard deviation. Individual data points represent 4-10 fields of view for each 
condition from n = 3-4 independent experiments. (e) Western blot analysis of FN, FBN1 and GAPDH protein 
quantity in conditioned medium and cell lysate from untreated or Ficoll 400-treated lung fibroblasts. (f) 
Quantification of band intensity from FN and FBN1 after Western blotting normalised to GAPDH (n = 4). 
Statistical analysis was performed using a (b-d) one-way ANOVA followed by post-hoc Tukey test or a (f) 
two-sample Student’s t-test. * p < 0.05 was considered statistically significant. 
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ECM deposition were analysed after 7 d in culture, 
i.e. 6 d of Ficoll treatment with one medium change 
to replenish nutrients and MMC reagents at day 4. 
Collectively, no further enhancement of fibrillin-1 
or fibronectin deposition was observed in lung 
fibroblasts after 6 d of treatment with Ficoll 70, 
Ficoll 400 or Ficoll mix, despite an overall increase 
in fibrillin-1 and fibronectin deposition in untreated 
controls compared to the prior 4 d untreated cultures 
(Fig. 2a). Consequently, no significant differences 
were observed in fluorescence intensity for fibrillin-1 
and fibronectin when Ficoll-treated and untreated 
conditions were compared (Fig. 2b). Likewise, 
parameters of fibrillin-1 and fibronectin ECM 
network complexity, such as number of branches 
and number of junctions, were not significantly 
changed in Ficoll-treated lung fibroblasts compared 
to untreated controls after the 7 d culture period (Fig. 
2c,d). However, an apparent increase in thickness of 

fibrillin-1 fibre bundles across all MMC conditions 
was observed, which may represent microfibril 
maturation.

FITC-Ficoll was incorporated into the ECM of 
lung fibroblasts
To investigate if Ficoll 70 or Ficoll 400 were 
incorporated into the ECM of lung fibroblasts, lung 
fibroblasts were treated with FITC-conjugated Ficoll 
70, FITC-conjugated Ficoll 400 and FITC-conjugated 
Ficoll mix. Immunocytochemistry clearly showed 
the presence of FITC-conjugated Ficoll in the cell 
layer/ECM of lung fibroblasts after 4 d of culture 
in all treated conditions (Fig. 3a). Quantification of 
the relative mean fluorescence intensity originating 
from the FITC signal confirmed significant FITC-
conjugated Ficoll presence in the cell/ECM layer of 
Ficoll-treated lung fibroblast cultures compared to 
untreated control cultures (Fig. 3b). Correlating with 

Fig. 2. MMC with Ficoll did not further enhance fibrillin-1 deposition in 7 d cultures. (a) Representative 
images of indirect immunofluorescence staining for fibronectin (FN) and fibrillin-1 (FBN1) deposited by 
lung fibroblasts after 6 d in the absence (Ctrl) or presence of Ficoll 70 (70), Ficoll 400 (400) or Ficoll mix 
(Mix). Nuclei were stained with DAPI. Scale bars = 200 µm. Quantification of (b) fluorescence intensity 
normalised to DAPI, (c) number of branches and (d) number of junctions. Boxes represent the 25th-75th 
percentile range and whiskers the standard deviation. Individual data points represent 7-12 fields of view 
for each condition from n = 3 independent experiments. Statistical analysis was performed using a one-way 
ANOVA followed by post-hoc Tukey test. * p < 0.05 was considered statistically significant. 
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the increased fibronectin and fibrillin-1 deposition 
after Ficoll 400 treatment, a significantly higher ECM 
deposition was observed in Ficoll 400 compared to 
Ficoll 70 or Ficoll mix conditions. Notably, while 
Ficoll 70 and Ficoll 400 could be consistently detected 
in the cell layer, the levels of Ficoll 400 showed larger 
inter-experimental variation, suggesting binding to 
ECM components with varying specificities and, 
therefore, more variable trapping within nascent 
ECM. While some of the FITC signal appeared to be 
more diffusely distributed, FITC-conjugated Ficoll 
clearly co-stained with fibronectin fibres in the ECM 
(Fig. 3c,d). Several peaks originating from the FITC 
signal overlapped with peaks originating from the 

fibronectin signal (Fig. 3d, grey arrows). Interestingly, 
some fibronectin peaks adjacent to those co-stained 
did not correspond to FITC-conjugated Ficoll 400, 
again suggesting some specificity and fibre-selective 
incorporation of FITC-conjugated Ficoll 400 into the 
ECM (Fig. 3d, black arrows).

MMC with carrageenan promoted aberrant 
fibrillin-1 and fibronectin deposition
To test if other MMC reagents were able to 
promote fibrillin-1 deposition, the red seaweed 
extract carrageenan was added to lung fibroblasts. 
Carrageenan, in contrast to Ficoll 70 or Ficoll 400, 
is a negatively charged, polydisperse sulphated 

Fig. 3. Ficoll was incorporated into the ECM of lung fibroblasts. (a) Representative images of indirect 
immunofluorescence staining for fibronectin (FN) and FITC-Ficoll autofluorescence from lung fibroblasts 
after 3 d in the absence (Ctrl) or presence of FITC-Ficoll 70 (70), FITC-Ficoll 400 (400) or the FITC-Ficoll mix 
(Mix). Nuclei were stained with DAPI. Scale bars = 200 µm. White box indicates magnified area in c. (b) 
Quantification of fluorescence intensity normalised to DAPI. Individual data points represent 5-10 fields 
of view for each condition from n = 4 independent experiments. Boxes represent the 25th-75th percentile 
range and whiskers the standard deviation. Statistical analysis was performed using a one-way ANOVA 
followed by post-hoc Tukey test. * p < 0.05 was considered statistically significant. (c) Digitally magnified 
image from the white box in a showing the area analysed for co-staining of FN and FITC-Ficoll 400. Scale 
bar = 20 µm. (d) Fluorescence intensity profiles representing the red (FN) and green (FITC-Ficoll 400) 
channels along the white line indicated in c. Profiles were extracted using the BAR script from Fiji/ImageJ. 
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polysaccharide. Fibrillin-1 and fibronectin deposition 
were analysed after 4 d and an increase in fibrillin-1 
deposition was observed at 50 µg/mL carrageenan 
(Fig. 4a,b). However, the ECM deposition pattern was 
aberrant. Already at 10 µg/mL carrageenan, globular 
aggregates of fibrillin-1 were observed, suggesting 
a disruption in fibrillin-1 ECM deposition without 
an increase in the total amount of fibrillin-1 (Fig. 
4a, insets). At 50 µg/mL, fibrillin-1 was deposited in 
large aggregates and fibrillin-1 fibres were largely 
absent. When fibronectin deposition was analysed 
in the presence of carrageenan, a dose-dependent 
increase in the normalised fluorescence intensity was 
found (Fig. 4c,d). However, fibronectin deposition in 
the presence of carrageenan appeared disorganised, 

as patches connected by very fine fibres (Fig. 4c, 
insets). At 200 µg/mL carrageenan, a large drop in cell 
number was observed, suggesting interference with 
cell proliferation or cell viability (data not shown). 
Collectively, data suggested that the careful selection 
of a specific MMC reagent may be required to achieve 
the optimal desired outcome.

Enhancement of fibrillin-1 deposition in Marfan 
syndrome patient-derived skin fibroblasts
Since some Marfan syndrome-causing FBN1 variants 
can result in reduced ECM deposition of fibrillin-1, 
it was examined if MMC could promote fibrillin-1 
deposition in Marfan syndrome patient-derived skin 
fibroblasts harbouring either pathogenic nonsense 

Fig. 4. MMC with carrageenan resulted in aberrant fibrillin-1 deposition. (a) Representative images of 
indirect immunofluorescence staining for fibrillin-1 (FBN1) deposited by lung fibroblasts after 3 d in the 
presence of the indicated concentrations of carrageenan. Nuclei were stained with DAPI. Scale bars = 25 µm. 
(b) Quantification of FBN1 fluorescence intensity normalised to DAPI. (c) Representative images of indirect 
immunofluorescence staining for fibronectin (FN) deposited by lung fibroblasts after 3 d in the presence 
of the indicated concentrations of carrageenan. Nuclei were stained with DAPI. Scale bars = 25 µm. (d) 
Quantification of FN fluorescence intensity normalised to DAPI. Individual data points represent 6 fields 
of view for each condition from n = 3 independent experiments. Statistical analysis was performed using a 
one-way ANOVA followed by post-hoc Tukey test. * p < 0.05 was considered statistically significant. 
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Fig. 5. Enhancement of fibrillin-1 deposition in Marfan syndrome patient-derived fibroblasts FBN1:p.
Cys637Arg and FBN1:p.Cys1589Phe. (a) Representative images of indirect immunofluorescence staining 
for fibronectin (FN) and fibrillin-1 (FBN1) deposited by FBN1:p.Cys637Arg fibroblasts after 3 d in the 
presence (400) or absence (Ctrl) of Ficoll 400. Nuclei were stained with DAPI. Scale bars = 200 µm. (b) 
Quantification of FN and FBN1 fluorescence intensity normalised to DAPI. (c) Number of branches and 
number of junctions in the FN and FBN1 ECM networks. Individual data points represent 4-13 fields of 
view for each condition from n = 4 independent experiments. Boxes represent the 25th-75th percentile range 
and whiskers the standard deviation. (d) Representative images of indirect immunofluorescence staining 
for FN and FBN1 deposited by FBN1:p.Cys1589Phe fibroblasts after 3 d in the presence or absence of Ficoll 
400. Nuclei were stained with DAPI. Scale bars = 200 µm. (e) Quantification of FN and FBN1 fluorescence 
intensity normalised to DAPI. (f) Number of branches and number of junctions in the FN and FBN1 ECM 
networks. Individual data points represent 5-13 fields of view for each condition from n = 3 independent 
experiments. Boxes represent the 25th-75th percentile range and whiskers the standard deviation. Statistical 
analysis was performed using a two-sample Student’s t-test. A p < 0.05 was considered statistically significant. 
* p < 0.05, ** p < 0.01, *** p < 0.001.
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Fig. 6. Enhancement of fibrillin-1 deposition in Marfan syndrome patient-derived fibroblasts FBN1:p.
Glu249* and FBN1:p.Asp2104*. (a) Representative images of indirect immunofluorescence staining for 
fibronectin (FN) and fibrillin-1 (FBN1) deposited by FBN1:p.Glu249* fibroblasts after 3 d in the presence 
(400) or absence (Ctrl) of Ficoll 400. Nuclei were stained with DAPI. Scale bars = 200 µm. (b) Quantification 
of FN and FBN1 fluorescence intensity normalised to DAPI. (c) Number of branches and number of 
junctions in the FN and FBN1 ECM networks. Individual data points represent 3-13 fields of view per 
condition from n = 3 independent experiments. Boxes represent the 25th-75th percentile range and whiskers 
the standard deviation. (d) Representative images of indirect immunofluorescence staining for FN and 
FBN1 deposited by FBN1:p.Asp2104* fibroblasts after 3 d in the presence or absence of Ficoll 400. Nuclei 
were stained with DAPI. Scale bars = 200 µm. (e) Quantification of FN and FBN1 fluorescence intensity 
normalised to DAPI. (f) Number of branches and number of junctions in the FN and FBN1 ECM networks. 
Individual data points represent 3-7 fields of view for each condition from n = 3 independent experiments. 
Boxes represent the 25th-75th percentile range and whiskers the standard deviation. Statistical analysis was 
performed using a two-sample Student’s t-test. A p < 0.05 was considered statistically significant. * p < 0.05, 
** p < 0.01, *** p < 0.001.
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variants in FBN1, resulting in premature termination 
codons, or missense variants, altering the primary 
fibrillin-1 amino acid sequence (Aoyama et al., 1994; 
Milewicz et al., 1992). 4 cell lines of primary dermal 
fibroblasts derived from Marfan syndrome patients 
were chosen for treatment with Ficoll 400 (Table 1). 2 
of the cell lines contained missense variants in FBN1 
(FBN1:p.Cys637Arg, FBN1:p.Cys1589Phe) while the 
other 2 contained nonsense variants (FBN1:p.Glu249*, 
FBN1:p.Asp2104*) (Schrijver et al., 1999; Schrijver et 
al., 2002; Tynan et al., 1993). Fibronectin and fibrillin-1 
deposition were visualised by immunocytochemistry 
after 4 d of culture, i.e. 3 d of Ficoll 400 treatment. 3 
of the 4 Marfan patient-derived cell lines showed 
variable, but significant, enhancement of fibronectin 
and fibrillin-1 deposition after treatment with 
Ficoll 400, compared to untreated controls. Of the 
2 cell lines harbouring missense variants, fibrillin-1 
ECM deposition showed more enhancement in 
the cell line harbouring the FBN1:p.Cys637Arg 
variant when compared to the line harbouring the 
FBN1:p.Cys1589Phe variant (Fig. 5a,d). However, 
increases in fluorescence intensity and changes 
in ECM network parameters were significant for 
fibronectin and fibrillin-1 in both cell lines (Fig. 
5b,c,e,f). Of the 2 cell lines harbouring FBN1 nonsense 
variants, fibrillin-1 showed increased deposition in 
the presence of Ficoll 400 in FBN1:p.Glu249* cells 
only (Fig. 6a). Fluorescence signal intensity and 
changes in network parameters indicated increased 
ECM deposition and denser ECM networks (Fig. 
6b,c). In contrast, fibrillin-1 deposition in FBN1:p.
Asp2104* cells, which also harboured a premature 
termination codon in FBN1, did not respond to Ficoll 
400 treatment (Fig. 6d). Changes in fluorescence 
signal intensities for fibronectin and fibrillin-1 were 
not significant (Fig. 6e). Network parameters for the 
fibrillin-1 network, but not the fibronectin network, 
did show significant changes, albeit with smaller 
fold changes than were observed for the other 3 cell 
lines (Fig. 6f). Collectively, the response of Marfan 
syndrome patient-derived skin fibroblasts to Ficoll 
400 treatment showed cell line-dependent changes in 
overall fibronectin and fibrillin-1 deposition, which 
were largely reflected by changes in the fibronectin 
and fibrillin-1 ECM network parameters.

Discussion

The present study showed that MMC can promote 
the deposition of a critical ECM scaffolding protein, 
fibrillin-1, in a human lung fibroblast cell line as well 
as in several Marfan syndrome patient-derived skin 
fibroblasts. Since fibrillin-1 microfibrils are required 
for the formation and maintenance of elastic fibres 
and for the deposition of LTBPs and fibulins as well 
as TGFβ and BMP growth factors, these findings 
could be broadly relevant for tissue-engineering 
approaches to generate elastic tissues, such as blood 

vessels, tendons or skin (Ramirez and Rifkin, 2009; 
Zimmermann et al., 2021). In addition, findings 
supported the notion that biochemical processes, 
such as ECM formation, may be accelerated by MMC 
in cell culture settings, which may better represent 
the highly concentrated, i.e. crowded, cellular 
microenvironments in vivo (Tsiapalis and Zeugolis, 
2021).
 The capability of MMC to enhance ECM deposition 
over time has been previously shown for fibronectin 
and collagen types I, III, IV, V and VI (Chen et al., 
2013; Chen et al., 2011; Graham et al., 2019; Tsiapalis 
et al., 2020). These ECM proteins are key components 
of a diverse range of connective tissues, including 
tendon, cartilage, blood vessels and skeletal muscle. 
For fibrillin-1, MMC promoted its ECM deposition 
with significant differences after 4 d but not after 7 d 
in culture. The high efficacy of MMC at 4 d suggested 
an immediacy in the crowding effect, possibly due 
to increased absolute concentrations of fibrillin-1 or 
increased cell surface concentrations of fibrillin-1 
assembly mediators, such as heparan sulphate 
proteoglycans or fibronectin (Sabatier et al., 2009; 
Tiedemann et al., 2001). In addition, biochemical 
processes, such as fibrillin-1 multimerisation, 
fibrillin-1 N-to-C-terminal self-interactions or furin 
processing of N- and C-terminal pro-peptides could 
be promoted to accelerate the deposition of fibrillin-1 
microfibrils (Hubmacher et al., 2008; Jensen et al., 2014; 
Lin et al., 2002; Raghunath et al., 1999). In support, 
expedition of collagen pro-peptide processing was 
previously shown in the presence of MMC reagents 
(Lareu et al., 2007). Western blot data also suggested 
increased fibrillin-1 deposition, as fibrillin-1 protein 
was consistently reduced in the medium in the 
presence of Ficoll. However, the decreased disparity 
at 7 d suggested a maximum capacity for fibrillin-1 
ECM deposition, which could be limited by reaching 
the capacity of cell surface receptors or by steric 
hindrance. Alternatively, the observed presence of 
Ficoll in the pericellular matrix or ECM may limit 
the amount of ECM that can be deposited. Ficoll 
could also bind to and interfere with the ECM 
formational function of ECM proteins, such as cell 
surface receptors, perlecan or heparan sulphate 
proteoglycans. In that case, Ficoll may not be entirely 
inert and could thus interfere with ECM assembly 
processes in a protein-specific manner. Using 
collagen deposition as a model, it was indeed shown 
that addition of the MMC reagent dextran sulphate, 
which is anionic in nature, worked not only through 
volume exclusion, but also promoted collagen 
deposition through additional mechanisms (Lareu 
et al., 2007). The preferential MMC enhancement of 
fibrillin-1 deposition with Ficoll 400 may contradict 
prior literature observing optimal ECM deposition 
with a 60:40 (w/w) Ficoll mix and no enhancement 
when Ficoll 70 or Ficoll 400 were used individually. 
Since these studies investigated predominantly 
deposition of various collagens, differences in the 
mechanisms of collagen versus fibrillin-1 deposition 
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could explain the different results. This would suggest 
that MMC as a process has distinct consequences 
for individual ECM proteins, depending upon the 
specific MMC reagent used and the cell or tissue 
context. Carrageenan, a representative charged MMC 
reagent, while increasing fibrillin-1 and fibronectin 
deposition, profoundly altered their deposition 
pattern in the ECM. Therefore, several biophysically 
different MMC reagents may need to be screened to 
achieve the maximum intended output for the specific 
target protein or biochemical process, and multiple 
parameters, such as increases in the amount of 
target protein, appropriate organisation in the ECM, 
functional assays and changes in cell behaviour may 
warrant consideration.
 The analysis of MMC in the context of fibrillin-1 
deposition in Marfan syndrome patient-derived 
skin fibroblasts offered insights into the efficacy 
of MMC in cases of ECM protein dysfunction. 
Notably, fibrillin-1 deposition can be impaired due 
to pathogenic variants in FBN1 (Aoyama et al., 1994; 
Milewicz et al., 1992). Of the 4 Marfan syndrome 
patient-derived fibroblast lines, 3 showed significant 
enhancement in fibrillin-1 deposition in the ECM 
after treatment with Ficoll 400. The disparity in the 
responses of these fibroblasts to MMC is notable 
though unsurprising given that the > 1,800 individual 
FBN1 variants in patients with Marfan syndrome can 
be categorised into 5 groups based upon biochemical 
consequences (Aoyama et al., 1994; Collod-Beroud et 
al., 2003). The first 2 groups of FBN1 variants resulted 
in reduced deposition but normal secretion. The 
third and fourth groups showed normal fibrillin-1 
synthesis but either mildly or severely impaired 
fibrillin-1 ECM deposition. The fifth group shows 
normal fibrillin-1 synthesis, secretion and ECM 
deposition. Data suggested that both Marfan 
syndrome patient-derived fibroblasts harbouring 
nonsense and missense variants showed responsive 
fibrillin-1 increase with addition of Ficoll 400. 
However, higher fibrillin-1 deposition enhancement 
in fibroblasts harbouring missense variants could 
be explained by more fibrillin production in these 
cell lines, if the mutant fibrillin-1 protein does not 
exert a dominant negative effect, i.e. interferes with 
the deposition of wild type fibrillin-1. Alternatively, 
factors such as age at sampling, individual genetic 
background, passage number and other patient-
specific circumstances could influence the response 
of these cells to MMC. One interesting example 
is the subset of FBN1 variants causing neonatal 
Marfan syndrome, the most severe form of Marfan 
syndrome, where patients typically die within the 
first year of life due to congestive heart failure. In 
these cases, fibrillin-1 deposition of patient-derived 
fibroblasts was not only reduced, as is the case in 
many fibroblasts from patients with classical Marfan 
syndrome, but also the quality of the fibrillin-1 
microfibrils was altered. Microfibrils were described 
as thin, frayed and fragmented; fibrillin-1 deposits in 

the ECM appeared stippled or as globular aggregates 
(Godfrey et al., 1995; Hanseus et al., 1995; Karttunen et 
al., 1994; Lonnqvist et al., 1996; Milewicz and Duvic, 
1994; Raghunath et al., 1993; Superti-Furga et al., 1992; 
Wang et al., 1995). In several instances, no fibrillin-1 
microfibrils were produced by hyperconfluent 
patient-derived skin fibroblasts (Karttunen et al., 1994; 
Lonnqvist et al., 1996; Wang et al., 1995). It would 
be interesting to test experimentally if MMC could 
restore fibrillin-1 deposition towards a more classical 
pattern, with a less fragmented fibrillin-1 microfibril 
network, or if it would exacerbate the observed 
phenotypes. A more recent study showed that 
recombinant full-length FBN1 harbouring neonatal 
Marfan syndrome variants does not incorporate 
into fibrillin-1 microfibrils, which suggests the latter 
(Jensen et al., 2021).
 From a clinical perspective, it is highly unlikely 
that MMC will be developed into a treatment 
modality for Marfan syndrome. The most likely 
applications of MMC within a fibrillin-1 context are 
in basic research, to better understand the formation 
of fibrillin-1 microfibrils and the hierarchical 
assembly of microfibril-associated proteins in the 
ECM, and in tissue-engineering approaches to 
rebuild elastic tissues such as skin, tendon or large 
blood vessels. Tissue engineering for regeneration 
or repair specifically requires biomimicry of the 
assembled tissue and a fidelity in the assembled 
constructs to accurately model in vivo function. 
Accordingly, these methods often depend on self-
assembly of endogenous ECM molecules to construct 
supramolecular assemblies with repeatable precision, 
ideally using autologous host or patient-derived 
cells. MMC allows for secreted biomolecules to 
interact more effectively or efficiently with naturally 
produced, tissue-specific ECM to compose a more 
emulative implantable construct. Thus, a key 
motivation in the study and application of MMC is 
its capacity to augment bioengineering strategies 
by shortening cell culture and incubation times in 
order to limit cellular senescence, phenotypic drift 
of cell types when using undifferentiated stem cells 
and unwanted epigenetic modifications, which all 
can arise as a result of the extended culture times 
currently required for engineering cell-derived tissue 
repair constructs (Lee et al., 2016; Peng et al., 2012; 
Shendi et al., 2019). In addition, Ficoll 400 or other 
MMC reagents could be integrated in engineered 
tissue grafts to promote fibrillin-1 and other ECM 
protein deposition from endogenous cells after they 
repopulate the graft material (Satyam et al., 2014).
 In summary, the present study demonstrated 
enhancement of fibrillin-1 and fibronectin deposition 
in the presence of MMC reagents in lung fibroblasts, 
underscoring the potency of MMC to generate a 
more extensive ECM in shorter time periods but also 
demonstrating the need for careful MMC reagent 
selection to avoid aberrant ECM deposition of 
target molecules. The potential to increase fibrillin-1 
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ECM deposition suggested possible applications in 
tissue engineering and basic research. Moreover, it 
illustrated the potency of MMC in cell culture systems 
to better approximate biological ECM environments 
when studying interactions of ECM proteins, such 
as fibrillin-1 or fibronectin. Thus, MMC may serve 
not only as a logical next step in the quest for cell 
culture innovation but as a forward path for in vitro 
reproduction of cell function in healthy biological 
tissues.
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Discussion with Reviewer

Stuart Cain: Do you think that the use of Ficoll 400 
would increase fibrillin-1 deposition in 3D culture 
situations?
Authors: There is some interesting literature 
suggesting that MMC mimics 3D culture conditions 
when generating adipocytes from mesenchymal stem 
cells. For example, under MMC conditions, Lee et al. 
(2016) observed layered cells with ECM deposition 
in between, which resembled adipocytes generated 
in a 3D matrix. In addition, Ranamukhaarachchi et 
al. (2019, additional reference) described the effects of 
MMC on collagen fibril architecture formed by breast 
cancer cells embedded in 3D collagen gels, suggesting 
that MMC exerts its effects in 3D culture as well, given 
that the molecules can freely diffuse through a 3D 
matrix. How fibrillin-1 deposition would be changed 
with MMC under 3D culture conditions is unclear. 
In fact, most studies of fibrillin-1 deposition use a 2D 
culture system on tissue culture plastic.

Stuart Cain: Would this approach work in cell types 
where fibrillin-1 deposition is not so dependant on 
fibronectin, such as epithelial cells?
Authors: The reviewer raises an interesting question. 
The work from Baldwin et al. (2014, additional 
reference) showed that epithelial ARPE-19 cells do 
not require fibronectin for deposition of fibrillin-1, 
differently from mesenchymal cells (Sabatier et al., 
2009). In epithelial cells, an augmentation of fibrillin-1 
deposition would be expected through MMC, if the 
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MMC effect observed in lung fibroblasts is not entirely 
mediated by increased fibronectin deposition. In 
other words, this may allow an experimental parsing 
between effects of MMC on fibronectin and fibrillin-1 
deposition in the ECM through application of MMC 
in epithelial cells.
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