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O N I

Abstract: Tissue fibrosis is characterized by chronic fibroblast activation and consequently excessive
accumulation of collagen-rich extracellular matrix. In vitro microplate-based assays are essential to
investigate the underlying mechanism and the effect of antifibrotic drugs. In this study, in the absence
of a gold-standard method, we optimized a simple, cost-effective, Sirius Red-based colorimetric
measurement to determine the collagen production of fibroblasts grown on 96-well tissue culture
plates. Based on our findings, the use of a serum-free medium is recommended to avoid aspecific
signals, while ascorbate supplementation increases the collagen production of fibroblasts. The cell-
associated collagens can be quantified by Sirius Red staining in acidic conditions followed by alkaline
elution. Immature collagens can be precipitated from the culture medium by acidic Sirius Red
solution, and after subsequent centrifugation and washing steps, their amount can be also measured.
Increased attention has been paid to optimizing the assay procedure, including incubation time,
temperature, and solution concentrations. The resulting assay shows high linearity and sensitivity and
could serve as a useful tool in fibrosis-related basic research as well as in preclinical drug screening.
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1. Introduction

Fibrosis is an uncontrolled, pathological process, where constant profibrotic signals
promote excessive fibroblast proliferation and overproduction of extracellular matrix
(ECM), mainly collagen, which displaces the functional parenchyma and eventually leads
to organ dysfunction. It can affect almost every organ and plays an important role in
various disorders, such as chronic autoimmune and inflammatory diseases, graft loss after
transplantation, or atherosclerotic plaque formation, making fibrosis a contributor to 45% of
deaths worldwide [1,2]. Currently, the only approved antifibrotic therapeutic opportunities
are the multikinase inhibitors nintedanib or pirfenidone, both targeting the activation and
collagen production of fibroblasts. These drugs are used to treat idiopathic pulmonary
fibrosis and have been shown to reduce disease progression rate, but they cannot prevent,
stop, or reverse fibrosis; moreover, they have significant, mainly gastrointestinal, side
effects that lead to therapy discontinuation [3]. Although a recent study has shown that
the mean survival was significantly higher among patients receiving antifibrotic treatment,
it still remained for approximately 5 years [4]. This global burden makes it imperative to
reveal the exact pathomechanism of fibrosis, identify potential therapeutic targets, and
develop effective antifibrotic compounds.

Fibroblasts are the main executor cells in fibrotic processes. Upon activation by cy-
tokines, chemokines, and growth factors, they migrate to the site of tissue injury, start to
proliferate, and produce ECM to form the mass of scar tissue, whose primary role is to en-
sure tissue integrity [5]. High-throughput microplate-based in vitro systems are essential to
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explore the exact pathomechanism and test the effect of antifibrotic compounds on different
fibroblast functions. Cell viability or proliferation assays are used to monitor the increase in
cell number through their enzyme activity, ATP production, or DNA replication [6]. Methyl
thiazole tetrazolium (MTT) assay, a widely used method to investigate cell proliferation,
belongs to the colorimetric assays and is based on the formation of the purple end-product
formazan by mitochondrial succinate dehydrogenase enzyme in viable cells [7]. The reduc-
tion of apoptosis rate, also a sign of fibroblast activation, can be examined with the MTT
dye-based lactate dehydrogenase (LDH) assay, referring to intracellular enzymes released
from dead cells to the supernatant [8]. Recently, to substitute the scratch assay to evaluate
the migration capacity of fibroblasts, our research group has developed a transient agarose
spot (TAS) assay. This method is based on using agarose droplets as a temporary physical
barrier to create a cell-free zone on the culture plate. The kinetics of gap closure and thereby
the migration capacity of the examined cells can be determined by subsequent graphical
analysis [9].

Although there are a variety of methods available to investigate collagen production
in cell cultures, a simple, cost-effective, high-throughput assay is still lacking. Molecular
biology techniques, such as immunocytochemistry, enzyme-linked immunosorbent assay,
Western blot, polymerase chain reaction, or hydroxyproline assay, are expensive and often
time-consuming methods that do not allow the simultaneous investigation of large numbers
of samples. Of the traditional histological staining methods of collagen-rich ECM, Sirius
Red has been proven to be the most specific and sensitive, compared to Masson’s trichrome
or Van Gieson’s [10,11].

In addition to the above-mentioned difficulties in labeling and quantifying total col-
lagen, another factor complicates the development of a biologically relevant functional
cellular assay. Collagen biosynthesis is a very complex procedure, consisting of multiple
intra- and extracellular steps (Figure 1). After their transcription and translation, pro-
line and glycine-rich pre-procollagen x-chains enter the endoplasmic reticulum, where
post-translation modifications, including signal peptide cleavage, prolyl, and lysyl hy-
droxylation and glycosylation, result in the formation of triple helix pro-collagens. These
water-soluble molecules leave the intracellular space by exocytosis through the Golgi ap-
paratus, and then the N’ and C’ terminal propeptides are enzymatically removed. This
modification allows the supramolecular organization of water-insoluble tropocollagen
molecules into collagen fibrils by a quarter-staggered assembly, mediated by cellular inte-
grins and fibronectin [12-14]. Further maturation and intra- and intermolecular crosslink
formation result in a network of collagen fibers that are attached to the cell surface and
surrounding tissue elements to support their organization [14]. These conditions are dif-
ficult to reproduce in vitro in order to ensure the uninterrupted maturation of collagens,
and it must be considered when developing an appropriate functional assay based on a
two-dimensional cell culture [1,15].
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Figure 1. Collagen biosynthesis and maturation process. The top middle section of the figure shows
the cell organelles with distinct shades of blue, involved in the post-translation modifications of
collagen. Below, the schematic figure illustrates the intra- and extracellular steps of collagen fiber
formation. Based on Veres-Székely et al. [16]. N: nucleus, ER: endoplasmic reticulum; CP: cytoplasm;
GA: Golgi apparatus; ES: extracellular space.

Currently, there are two Sirius Red-based commercial kits for collagen detection.
Despite their relatively high prices, Sircol Collagen Assay (Biocolor, Carrickfergus, UK) and
Sirius Red Total Collagen Detection Assay Kit (Chondrex, Woodinville, WA, USA) have
several limitations. The original Sircol Collagen Assay was designed for the quantification
of insoluble forms of collagens after collagen extraction by acid-pepsin digestion of tissue
samples. This method, including the time-consuming sample preparation, takes a whole
working day, and attention is drawn to certain interfering factors, such as albumin. Indeed,
several studies warn of the shortcomings of the Sircol assay, recommending additional
digestion and separation steps to improve its accuracy and usability [17,18]. A new version
of Sircol was released at the time of the present study, dedicated to measuring soluble
collagens. Although the manufacturer promises improved specificity, no reference is yet
available. However, determination of total collagen production in vitro still requires a
combination of different kits and overnight sample preparation and digestion. Chondrex
provides a Sirius Red Total Collagen Detection Assay Kit for detecting collagen content in
tissue and cell homogenate or cell culture medium. This method is very similar to Sircol,
still requiring solubilization of solid samples by acidic or enzymatic digestion and also a
concentration of a high amount of culture medium (1 mL)—in which the presence of serum
causes high background values.
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The aim of the present study was to develop a simple, fast, cost-effective in vitro
microplate-based method to quantify the amount of mature collagens attached to the
cell surface and that of immature, water-soluble or floating collagens secreted by the
fibroblast into the culture medium, using the collagen-specific Sirius Red dye. In addition
to developing staining procedures, we also optimized the setup of experiments, including
potential adjuvants during the cell treatment. The resulting method is suitable for screening
the efficacy of antifibrotic drugs on the collagen production of fibroblasts.

2. Results
2.1. Detection of Cell-Associated Collagens by Sirius Red Staining

To visualize collagens in fibrotic lung tissue and cell culture, sections were stained with
Sirius Red following the standard histological procedure, and then microscopic images
were taken using bright-field and polarized light illumination techniques (Figure 2a).
Large amounts of collagen deposition were detected in lung tissue samples, shown as
red areas in bright-field images. Polarized light microscopy showed that the majority
of collagens formed a complex system of fibers. In the case of adherent cell culture, the
cytoplasm of fibroblasts showed Sirius Red positivity of which only a small fraction showed
light scattering. Thin fibrils were mostly attached to the cell edges. Similarly, we found
predominantly perinuclear and intracellular immunopositivity in fibroblasts, labeled with
antibodies against pro-collagen or total collagen I (Figure 2b).

bright-field polarized light merge (bright-field + polarized)

(b

A

lung fibroblast

pro-collagen I + nucleus collagen I+ nucleus

Figure 2. Detection of collagens in tissue and cell samples. (a) To visualize Sirius Red-stained fibrotic
mouse lung tissue sections and CCD-19Lu lung fibroblasts, images were taken by bright-field and
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polarized light illumination microscopy. (b) To visualize immunostained CCD-19Lu lung fibroblasts
using antibodies raised against pro-collagen I and collagen I, images were taken by fluorescence
microscopy. Scale bar: 50 um.

To investigate collagen production of fibroblasts, unstimulated and TGF-f3-treated
CCD-19Lu cells, grown in 96-well plates were stained with Sirius Red (Figure 3a). The
amount of dye bound to cell-associated collagens was quantified by measuring the ab-
sorbance of their eluates. Treatment with TGF-3, however, resulted in increased Sirius
Red positivity of fibroblasts, and the volume exclusion effect of macromolecular crowd-
ing, investigated by the addition of various polymers (dextran, dextran sulfate sodium,
polyethylene glycol, or ficoll) to the cell medium had no impact on cellular collagen deposi-
tion (Figure 3b).
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Figure 3. Detection of cell-associated collagens by Sirius Red staining on TGF-f-treated CCD-
19Lu lung fibroblasts. (a) To visualize Sirius Red-stained cells, images were taken by bright-field
microscopy. Scale bar: 200 um. (b) The effect of macromolecular crowding on collagen production was
investigated in the absence or presence of dextran (Dx), dextran sulfate sodium (DSS), polyethylene
glycol (PEG), and ficoll (Fc). The amount of cell-associated collagens in Sirius Red-stained samples
was determined by the optical density (OD) of their eluates. Results are presented as mean =+ SD,
dots represent individual values (1 = 6). **** p < 0.0001 (two-way ANOVA with Dunnett’s test).

2.2. Detection of Collagens in Cell Culture Medium by Sirius Red Staining

To establish the staining method for the determination of soluble collagen amount in
the cell media, collagen solutions were incubated with Sirius Red and the collagen-dye
precipitates were separated by centrifugation. Microscopic observations revealed strong
and specific labeling of fibrillar collagens (Figure 4a).

An increase in Sirius Red concentration in the staining solution resulted in higher
absorbance of the eluates derived from the centrifuged collagen-dye pellets, but meanwhile,
the intraassay variability was also multiplied (Figure 4b). The high deviation could be
the consequence of auto-precipitation and the instability of dye crystals observed in the
supersaturated solution. The impact of the acetic acid concentration of Sirius Red dye
solution on the labeling efficiency was investigated in collagen solutions diluted with water
or cell culture medium (Figure 4c). Low acid concentration resulted in decreased binding
capacity of Sirius Red, presumably due to the buffer capacity of the medium, resulting in
an alkalic pH shift of the solution mix from the optimal range.

We found that performing the staining and washing procedures at room temperature
resulted in reliable and accurate data; however, the sensitivity of the Sirius Red assay can
be further increased by cooling the reagents, thereby increasing the read signal (Figure 4d).
Stable collagen-dye formation was detected at 15 min of staining of collagen solution, which
could not be further increased by the elongation of incubation time (Figure 4e). When we
compared the different microplate types used in the washing process, V-bottom plates gave
the best results, whereas filters or flat-bottom plates with relatively large surfaces resulted
in a loss of collagen-dye precipitates (Figure 4f).
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Figure 4. Detection of collagens in solution by Sirius Red staining. (a) To visualize Sirius Red stained
collagen I solution (200 pg/mL diluted in culture medium), images were taken with a bright-field
and polarized light illumination microscopy. Scale bar: 200 pm. The effect of (b) dye and (c) acetic
acid concentration of the Sirius Red solution on its collagen labeling efficiency was investigated
on collagen solution diluted with distilled water (H,O) or culture medium (DMEM). The pH of
the resulting mixtures was also determined. The gray bar shows the optimal binding pH range of
Sirius Red on tissue sections based on literary data. The effects of (d) temperature and (e) incubation
time on the labeling efficiency were investigated on collagen solution diluted in a culture medium.
(f) Different microplate types used during the washing steps were also compared. The labeling
efficiency of Sirius Red-stained samples was determined by the optical density (OD) of their eluates.
Results are presented as mean + SD (1 = 6). ns: non-significant, * p < 0.05 (linear regression).

To validate the Sirius Red staining procedure of cell culture supernatants based on
our results and impressions described above, a wide range of collagen dilution series were
stained according to the chosen setup: 0.1% Sirius Red in 3% acetic acid, incubated at room
temperature for 30 min, washed in V-bottom plate. The data obtained confirmed the good
quality of our assay, characterized by a wide range of detection, high sensitivity, and very
low (below 10%) intra- and inter-assay variability (Figure 5).
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Figure 5. Validation of the established assay for collagen detection in solution by Sirius Red staining.
To describe the efficacy of the method, collagen I solution series (0-600 ng/mL) diluted in cell culture
medium (DMEM) were stained with 0.1% Sirius Red in 3% acetic acid, incubated at room temperature
for 30 min, washed in V-bottom plate. The amount of collagens in Sirius Red-stained samples was
determined by the optical density (OD) of their eluates. The efficiency of the method was described
by determining linearity, sensitivity, and precision. Results are presented as mean + SD (1 = 6).

2.3. Optimization of In Vitro Experimental Setup to Detect Collagen Production of Fibroblasts

The effect of FBS concentration on collagen production of CCD-19Lu fibroblasts was
investigated by simultaneous Sirius Red staining of the cells and their culture medium.
We found that FBS itself formed flake-like precipitation with Sirius Red dye, resulting in a
potential non-specific signal in cell culture medium samples (Figure 6a,b). Although the
addition of FBS slightly increased the amount of cell-associated collagens, it also caused

a high aspecific signal during the Sirius Red staining of cell culture medium samples
(Figure 6¢).
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Figure 6. Effect of fetal bovine serum (FBS) on the detection of collagens in cell culture medium.
(a) The non-specific binding of Sirius Red was investigated on FBS solution diluted in a culture
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medium. (b) To visualize Sirius Red precipitates in 1% FBS solution, images were taken by bright-
field and polarized light illumination microscopy. Scale bar: 200 um. (c) To investigate the effect
of FBS on the detection of collagens, TGF-f3-treated CCD-19Lu lung fibroblasts, and their culture
supernatant were stained with Sirius Red. The amount of collagens in Sirius Red-stained samples
was determined by the optical density (OD) of their eluates. Results are presented as mean + SD,

dots represent individual values (1 = 5). * p < 0.05; *** p < 0.001; **** p < 0.0001 (two-way ANOVA
with Dunnett’s test).

The impact of ascorbate on cellular collagen production was also investigated. Ascor-
bate solution formed no aggregates with Sirius Red dye (Figure 7a). Red precipitates
separated from stained cell culture medium showed light scattering parts in polarized
light (Figure 7b). The addition of ascorbate into the culture medium resulted in a dose-
dependent increase in the collagen production of TGF-f3-stimulated fibroblasts measured
both on attached cells and in their culture medium (Figure 7c).
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Figure 7. Effect of ascorbate on the detection of collagens in cell supernatants. (a) The non-specific
binding of Sirius Red was investigated on an ascorbate solution diluted in a culture medium. (b) To
visualize Sirius Red precipitates in a culture medium (200 uM ascorbate, TGF-f3 treatment), images
were taken by bright-field and polarized light illumination microscopy. Scale bar: 200 pm. (c) To
investigate the effect of ascorbate on the detection of collagens, TGF-p-treated CCD-19Lu lung
fibroblasts and their supernatant were stained with Sirius Red. The amount of collagens in Sirius Red-
stained samples was determined by the optical density (OD) of their eluates. Results are presented as
mean =+ SD, dots represent individual values (n = 5). * p < 0.05; ** p < 0.01; **** p < 0.0001 (two-way
ANOVA with Dunnett’s test).
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2.4. In Vitro Sirius Red Assay to Investigate the Efficacy of Antifibrotic Drugs

In representative experiments, we investigated the effects of nintedanib and pir-
fenidone on the collagen production of TGF-3-stimulated CCD-19Lu fibroblasts by si-
multaneous Sirius Red staining of the cells and their culture medium. We found that,
although, treatment with nintedanib also reduced the amount of cell-associated collagens
in a dose-dependent manner, with the effect of collagen levels being strong in culture
supernatants, where it completely neutralized the inducing effect of TGE-f3 (Figure 8a).
This difference was even more spectacular in the case of pirfenidone, which had little effect
on cell-associated collagens, but even more so on those in cell culture medium (Figure 8b).
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Figure 8. Sirius Red assay to screen the efficiency of antifibrotic drugs. To investigate the effect of
(a) nintedanib or (b) pirfenidone, TGF-3-treated CCD-19Lu lung fibroblasts and their culture medium
were stained with Sirius Red. The amount of collagens in Sirius Red-stained samples was determined
by the optical density (OD) of their eluates. Results are presented as mean & SD, dots represent
individual values (n = 5). * p < 0.05; **** p < 0.0001 (two-way ANOVA with Dunnett’s test).

3. Discussion

To complete the assay arsenal that can be effectively used in fibrosis-related research,
there is a need to develop a suitable method for the measurement of collagen production
in a near high-throughput manner, in addition to fibroblast proliferation and migration
assays [9]. In this study, we used lung fibroblasts to optimize the in vitro experimental
setup to quantify collagens while considering the related challenges described above.

The collagen-detection method of our choice was based on Sirius Red dye. This
traditional histological staining method has been used since the late 1960s as a potential
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substitution for Van Gieson’s picrofuchsin to detect connective tissue [19]. Initially, the
labeling specificity of Sirius Red was investigated on amyloid plaques, but its usability
proved to be inferior to its rivals [20,21]. In contrast, when Sirius Red was used in com-
bination with picric acid, its specific collagen-binding affinity was found to be excellent;
furthermore, the labeled collagen fibers showed intensely positive birefringence under po-
larized light [11]. There has been a debate about whether Sirius Red is able to differentiate
between collagen types based on their color changes under polarized light, but this is more
likely to be due to the orientation and thickness of the labeled fibers [10,22]. Indeed, it has
been shown in several studies that Sirius Red stains various types (fibrillar I, IL, III, V or
network forming IV) of mature and pro-collagens with similar efficiency and also their
native and digested forms [23-25]. Thanks to its above-mentioned properties, Sirius Red
has become one of the most widely used histological staining techniques to detect fibrotic
areas on certain tissue types [22,26-29]. As shown in Figure 2, Sirius Red staining can also
be used to stain cellular collagens, not only on tissue sections.

The traditional analysis of Sirius Red-stained tissue samples is based on a scoring
system and is evaluated by an experienced pathologist, where digitization and subsequent
graphical analysis of sections is a well-established method that provides reliable and
trustworthy results [30-32]. Data acquisition approaches for Sirius Red can be further
extended to include its chemical properties. The dye molecule is characterized by an
elongated structure with multiple anionic azo (sulfonic acid) groups, which allow Sirius
Red to bind parallelly to the collagen triple helix, which contains mostly cationic amino acid
residues [11]. By the way, this orientation of Sirius Red molecules arranged by the parallelly
connected tropocollagens ensures the birefringence of fibrillar collagens, including type I
and IIT [22,33]. As acidic conditions are required for the positive charge of collagen residues,
the bound dye can be eluted with an alkaline solution, allowing its quantification based on
optical density [18,25]. This approach of staining the fixed cells and then releasing the dye
is much simpler and faster than the commercial kits discussed in the introduction, which
require overnight sample preparation and solubilization.

In this study, we propose Sirius Red staining of fibroblast to determine the amount of
cell-associated collagens. As shown in Figure 3a, fibroblast activation by treatment with
profibrotic growth factor resulted in more intense staining and, consequently, higher ab-
sorbance of the eluted solution. However, as mentioned in the introduction, the maturation
of collagens, which results in the cell-associated fiber form, is a complex multistep process,
which is challenging to model in vitro. Indeed, due to the insufficient tropocollagen con-
version, fiber arrangement, and cell linkage, a significant part of the biologically relevant
collagen fractions cannot be measured as the cell culture medium is usually discarded dur-
ing the staining procedure [1,15]. This is well illustrated by our microscopic images, which
show that even after 7 days of culture, no significant collagen fiber alignment is found
(Figure 2). Previously, it has been shown that the supplementation of cell culture medium
with large macromolecules accelerated the mature collagen deposition in fibroblasts, which
originally required several weeks under standard experimental conditions [34-36]. This
phenomenon is known as the volume exclusion effect, based on the fact that in vivo both
intra- and extracellular proteins are surrounded by other macromolecules, thereby reducing
the actual, available volume of the aqueous environment [34,37]. Molecular crowding medi-
ates protein interactions, including conformational changes, enzymatic reactions, and other
biological processes. In spite of all these, we found no beneficial effect on the deposition of
cell-associated collagens when large polymers (e.g., dextran, polyethylene glycol, ficoll)
are added to the cell culture medium (Figure 3b), most probably due to the duration of the
experiment. As time saving is also an important feature of the high-throughput in vitro
assays, we looked for an alternative solution instead of extending the treatment from 48 h
to 1-2 weeks.

Therefore, we preferred an alternative option to detect non-cell-associated collagens.
As Sirius Red dye molecules bind to the collagen triple helix via ionic interactions, solu-
ble pro-collagen, tropocollagen, and floating mature collagen forms can also be labeled
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(Figure 4a) [25]. The collagen-dye precipitates can be separated by centrifugation, and
similarly to stained cells, pellets can be washed with an acid solution, thereby removing
the excess dye, and then the bound dye can be eluted with an alkaline solution and its
absorbance can be recorded. In the following, the optimization of collagen staining in a cell
culture medium by Sirius Red will be discussed.

In the first step of our experiments, we investigated the effect of the staining envi-
ronment on Sirius Red binding using a collagen solution. We found that the Sirius Red
concentration we selected based on the original histological staining protocols [11] resulted
in a stable, strong signal and that its enhancement was not expedient (Figure 4b). In contrast,
a small modification of the acidity of the staining solution needed to be made, increasing
the acetic acid concentration up to 3% (Figure 4c). This is most likely due to a pH shift of the
sample-staining solution from the optimal range [11], caused by the buffer capacity of the
cell culture medium. As previously discussed, an acidic environment is required for ionic
interaction between Sirius Red and collagen molecules [25]. It has been previously shown
that cooling staining reagents can improve the binding capacity of Sirius Red dye [38].
Similarly, we obtained higher absorbance values when collagen solutions were stained
at 4 °C than at room temperature (Figure 4d). We found that providing low temperature
during the implementation of the Sirius Red assay did not cause any difficulties in the
treatment, and thus it was feasible to increase the sensitivity even for samples with low col-
lagen concentration. We also examined the optimal incubation time of samples with Sirius
Red solution. A stable signal was observed already at 15 min, which was not improved
by longer staining (Figure 4e). On the basis of the literary data, long incubation times
(usually 60 min) of fixed tissue samples are required due to the time-consuming diffusion
of dye molecules into the tightly arranged collagen fibers, attached to the cells [11,24,39].
As the present assay is performed on 96-well culture plates, we compared different types of
microplates to find the optimal one for multiple staining, centrifugation, and washing steps
of cell culture supernatants. We found that the transparent V-bottomed plate was the most
suitable for Sirius Red staining of solutions due to its small bottom surface, which results in
well-formed precipitates, firmly attached to the bottom of the wells (Figure 4f). The efficacy
and sensitivity of the final, optimized staining process is comparable to commercially
available kits (Figure 5).

In the next step of the study, we optimized the in vitro experimental setup to in-
vestigate the collagen production of fibroblasts by Sirius Red staining on both cells and
their culture medium, as described above. The majority of fibroblast-based methods to
investigate collagen production is performed on prolonged or hyperconfluent cell cul-
ture, stimulated by TGF-p-treatment [35]. Therefore, in our experiments, cell seeding
was followed by a proliferation phase triggered by high FBS concentration, which is one
of the main components of the culture medium, containing large amounts of nutrients,
ensuring cell growth [40]. However, it is known that FBS contains high amounts of al-
bumin, a well-known carrier protein, rich in basic amino acid residues, which results in
non-specific binding with various macromolecules, including Sirius Red [18,25,38]. Indeed,
this was supported by our findings when staining culture media containing FBS with Sirius
Red (Figure 6a,b). Meanwhile, our results showed that FBS supplementation during the
fibroblast activation by TGF-f3 treatment had only a moderate effect on the amount of
cell-associated collagens, but at the same time, it masked the specific signal detected in
the culture medium (Figure 6b). Moreover, previously, it has been shown that collagen
production can be increased by cultivating fibroblasts at high confluency and serum de-
privation [41-43]. Therefore, we recommend the use of 0% FBS supplementation in cell
treatments, in which case collagen production can be measured in a specific and sensitive
manner in both cells and their medium by Sirius Red staining.

Finally, we investigated the effect of ascorbate supplementation on the collagen pro-
duction of fibroblasts. Ascorbate, also known as ascorbic acid or vitamin C, is an essential
cofactor of prolyl- and lysyl hydroxylase enzymes that perform the post-translational
modification of collagen & chains, thereby ensuring their formation into triple helixes [44].
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In addition, ascorbate has also been shown to affect collagen production and the tran-
scriptional level by increasing the translation and the stability of collagen mRNAs [45-47].
The essential role of ascorbate on collagen biosynthesis is well illustrated by the typical
symptoms of scurvy, a disease of ascorbate deficiency, affecting skin, gums, and joints
among others due to collagen underproduction, leading to abnormal extracellular matrix
formation in connective tissue [48,49]. We found that ascorbate increased the collagen
production of fibroblasts in a dose-dependent manner, measured both on cells and in their
culture medium (Figure 7). As ascorbate does not form precipitates with Sirius Red dye, we
recommend 200 uM of ascorbate as a culture medium supplement during cell treatments.

As a result, we established an in vitro experimental system that allowed us to investi-
gate the effects of various factors on collagen production. Our assay is based on a similar
principle as commercially available Sirius Red-based kits; however, due to our specific
recommendations for experimental setup, it finally provides more specific and sensitive
results with a fraction of the cost (approx. 1/100) and time (approx. 2 h instead of a whole
workday) required.

Our representative measurements on lung fibroblasts showing the antifibrotic effect of
the two FDA-approved drugs nintedanib and pirfenidone demonstrate the applicability
of Sirius Red assay as an in vitro screening method (Figure 8). The combination of these
two staining methods together provides biologically relevant and reliable data on cellular
collagen production, simultaneously determining the amount of cell-attached and soluble
form of collagens (Figure 9). The simplicity and cost-effectiveness of this microplate-based
method further support its applicability in fibrosis-related research both in basic science
and in preclinical drug development.

10% FBS 1% FBS
24h  24h

p full confluency

seeding
fibroblasts 0% FBS
200 uM ascorbate [48 h
+ treatment

cells v supernatant

stain

|—>—> elution elution ¢&—<¢—

wash

R e
e

detection

Figure 9. Schematic illustration of Sirius Red-based microplate assay to investigate collagen produc-
tion in vitro. The figure shows the simultaneous staining and detection process of cell-attached and
soluble collagens. FBS: fetal bovine serum; h: hours; CF: centrifugation.
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4. Materials and Methods
4.1. Cell Lines and Treatments

CCD-19Lu (#CCL-210, American Type Culture Collection, Manassas, VA, USA) human
lung fibroblast cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) (Thermo
Fisher Scientific, Waltham, MA, USA) supplemented with a 10% heat-inactivated fetal
bovine serum (FBS) (Invitrogen, Waltham, MA, USA) and a 1% penicillin and streptomycin
(Merck, Kenilworth, NJ, USA) mixture under standard cell culture conditions (37 °C,
humidified, 5% CO5).

For in vitro experiments, CCD-19Lu cells were seeded into 96-well tissue culture
plates (Sarstedt, Newton, MA, USA) at a density of 10* cells/well (n = 5-6 wells/treatment
group) and grown in DMEM with 10% FBS for 24 h, followed by 1% FBS in DMEM for an
additional 24 h to achieve full confluence. Cells were then treated with 1 nM recombinant
transforming growth factor beta 1 (TGF-f3, #PHG9204, Thermo Fisher Scientific) diluted in
FBS-free DMEM containing 200 uM ascorbate (Merck) for 48 h unless otherwise indicated.

To investigate the effect of volume exclusion, co-treatment with dextran 40 (Dx)
(40 kDa, 50 mg/mL, Reanal Ltd., Budapest, Hungary), dextran sulfate sodium salt (DSS)
(40 kDa, 100 ng/mL, MP Biomedicals, LLC, Irvine, CA, USA), polyethylene glycol (PEG)
(20 kDa, 50 mg/mL, Merck) or ficoll 400 (Fc) (400 kDa, 50 mg/mL, Pharmacia Fine Chemi-
cals, Uppsala, Sweden) were applied.

In representative experiments, co-treatment with 0.01-1 uM of nintedanib or pir-
fenidone (Vichem Chemie Research, Budapest, Hungary) was also investigated. Control
cells were treated only with the respective solvents in equal volumes (TGF-3: 4 mM HC],
nintedanib, pirfenidone: DMSO).

4.2. Sirius Red Collagen Detection Assay for Cells

At the end of the in vitro experiments, after the removal of the culture medium, the
cells were washed with 200 pL of phosphate-buffered saline (PBS) and fixed with 50 uL of
Kahle’s solution, containing 26% ethanol, 3.7% formaldehyde, and 2% glacial acetic acid, at
room temperature for 15 min. After another washing step with 200 uL of PBS, cells were
stained by adding 50 uL of 0.1% Sirius Red (Direct Red 80) solution dissolved in 1% acetic.
The plates were incubated at room temperature for 1 h, then wells were washed with 400 uL
of 0.1 M HCI. Next, 100 uL of 0.1 M NaOH solution was added to each well to eluate the
bound dye from the cell-associated collagens. Microscopic images were taken from Sirius
Red-stained cells right before the elution step. All reagents were purchased from Merck.
The absorbance of solutions was determined as optical density (OD) on 540 nm wavelength
using a CLARIOstar microplate reader with MARS Data Analysis Software v4.01 (BMG
Labtech, Ortenberg, Germany).

4.3. Sirius Red Collagen Detection Assay for Cell Culture Medium

A series of dilutions of rat tail-derived collagen type I (#A10483-01; Thermo Fisher Sci-
entific) in distilled water or DMEM was used in the optimization steps of collagen staining
in the culture medium. Centrifugation and washing steps were performed and com-
pared in various 96-well microplates, including flat-bottom (Sarstedt), V-bottom (Thermo
Fisher Scientific), or 0.45 um low-binding hydrophilic polytetrafluoroethylene (PTFE) filter
plate (Merck).

At the end of the in vitro experiments, cell culture medium with a volume of 100 uL
was transferred into a V-bottom 96-well microplate (Sarstedt) and was stained by adding
50 uL of 0.1% Sirius Red solution dissolved in 3% acetic acid. The samples were mixed
thoroughly and incubated at room temperature for 30 min. To separate the collagen-dye
precipitates, the plates were centrifuged at 3000 x g for 6 min. The unbound dye solution
was aspirated with a multichannel pipette; thereafter, the wells were washed with 150 pL
of 0.1 M HCl solution and subsequent centrifugation. To each well, 100 pL of 0.1 M NaOH
solution was added to eluate the bound dye, thereafter samples were transferred into a
transparent flat-bottom 96-well plate and their absorbance was measured as previously
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described. Microscopic images were taken from Sirius Red-stained collagen solutions or
cell culture medium right before the elution step when collagen-dye precipitates were
resuspended in an HCl solution and dripped onto a slide and covered by a glass coverslip.

4.4. Immunofluorescence Staining

CCD-19Lu cells were seeded into 4-well chambers (Sarstedt) at a density of 6 x 10* cells/well
and cultured in DMEM containing 10% FBS for 7 days. Subsequently, cells were rinsed with
500 uL of PBS, fixed and permeabilized with 300 pL of BD Cytofix/Cytoperm™ (BD Bio-
sciences, Franklin Lakes, NJ, USA) at room temperature for 15 min, then rinsed with 500 pL
of BD Perm/Wash™ (BD Biosciences). Cells were incubated with primary antibodies spe-
cific for either procollagen 1«2 (sc-166572; mouse, 1:100, Santa Cruz Biotechnology, Dallas,
TX, USA) or collagen type I alpha 1 (sc-293182; mouse, 1:100, Santa Cruz Biotechnology)
at room temperature for 1 h, washed with 500 pL. BD Perm/ Wash™ for 2 min, incubated
with goat anti-mouse Alexa Fluor® 568-conjugated IgG secondary antibody (A11004; 1:500,
Thermo Fischer Scientific) at room temperature for 1 h and washed again with 500 uL of
BD Perm/Wash™ for 2 min. Appropriate controls were performed omitting the primary
antibodies to ensure their specificity and to avoid autofluorescence. Finally, slides were
cover slipped using ProLong™ Gold Antifade Mountant (Thermo Fischer Scientific).

4.5. Microscopy

Microscopic images were taken with fluorescence, bright-field, or polarized light
illumination techniques using the Olympus IX81 microscope system (Olympus Corporation,
Tokyo, Japan) with 20x or 100x objectives.

Subsequent merging steps of corresponding image pairs were performed using Image]
1.48v software (National Institutes of Health, Bethesda, Rockville, MD, USA). Briefly, color
images taken with bright-field and polarized light illumination from the same field of view
were transformed into 8-bit format, then merged together using red (bright-field) and green
(polarized) channels to visualize and compare the detected signals.

4.6. Statistical Analysis

Statistical evaluation of the data was performed using GraphPad Prism 9.1.2 software
(GraphPad Software Inc., San Diego, CA, USA). Curves from the dilution series were
compared by linear regression analysis. For the multiple comparisons of data from in vitro
measurements, ordinary two-way ANOVA with Dunnett’s tests were used. Unless other-
wise indicated, results are presented as mean =+ SD of the corresponding groups. The tests
applied, significance (p), and number of elements (1) are indicated in each figure legend.

Descriptive statistics were performed to describe the performance of ‘Sirius Red
Collagen Detection Assay for Cell Culture Medium’. Linearity was determined based
on the range of the collagen concentration for which a linear curve could be fitted, while
regression (R?) < 0.95 was met. The limit of detection was determined based on the minimal
collagen concentration at which the absorbance was significantly different from the baseline.
Accuracy was defined as the mean difference between nominal and measured collagen
concentrations in the linear range. Intra-assay variability was defined based on the average
coefficient of variations from the samples of linear range measured in a single experiment.
Inter-assay variability was determined as the coefficient of variation derived from the mean
values of samples of linear range measured in six independent experiments.

4.7. Step-by-Step Protocol of In Vitro Sirius Red Assay

4.7.1. Preparing Reagents

e  Kahle’s fixative solution: 26% ethanol, 3.7% formaldehyde, and 2% glacial acetic acid
diluted in distilled water

e  Sirius Red solution for cell staining: 0.1% Direct Red 80 dissolved in 1% acetic acid
containing distilled water
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e  Sirius Red solution for cell medium staining: 0.1% Direct Red 80 dissolved in 3% acetic
acid containing distilled water
HCl solution: 0.1 M HCl in distilled water
NaOH solution: 0.1 M NaOH in distilled water

4.7.2. Cell Culture and Treatment

e  seed cells into 96-well plates to reach near-full confluence and culture them for 24 h in
a culture medium containing 10% FBS
change to medium containing 1% FBS for 24 h to reach full confluence
change to medium containing 0% FBS, 200 pM ascorbate, and treat cells with the
examined agents or factors for 48 h

4.7.3. Sirius Red Staining of Cells

transfer the cell culture medium into a V-bottom 96-well microplate
carefully wash cells with 200 uL/well PBS

fix cells with 50 uL/well Kahle’s solution at room temperature for 15 min
wash cells with 200 uL/well PBS

stain cells with 50 pL/well Sirius Red solution at room temperature for 1 h
wash cells with 400 uL /well HCI solution

elute collagen-bound dye with 100 uL./well NaOH solution

4.7.4. Sirius Red Staining of Cell Culture Medium

e add 50 pL/well Sirius Red solution to the previously transferred 100 pL/well medium,
mix thoroughly, and incubate at room temperature for 30 min

e  centrifuge the plates at 3000x g for 6 min to precipitate the collagen-dye complex from

the solution

remove the remaining fluid carefully without touching the precipitates

add 150 pL/well HCI solution, then centrifuge the plates at 3000x g for 6 min

remove the remaining fluid carefully without touching the precipitate

elute collagen-bound dye with 100 uL./well NaOH solution

transfer the eluted solution into transparent flat-bottom 96-well plates for detection

4.7.5. Detection

e  measure the absorbance of the samples in a microplate reader at 540 nm wavelength
either NaOH solution can be used as blank, or samples can be normalized on the
background absorbance at 690 nm wavelength

e this method is applicable for the semi-quantitative comparison of collagen content
between samples, but not for the exact quantification

e  to quantify collagen content, collagen serial dilution in DMEM can be prepared and
stained by the Cell Culture Medium protocol to create the standard curve

Author Contributions: Conceptualization, A.V.-S.; methodology, A.V.-S. and C.S.; formal analysis,
C.S. and PB.; resources, L.O., AJ.S. and A.V; writing—original draft preparation, C.S., A.V.-S. and
AV; writing—review and editing, D.P. and B.S.; visualization A.V.-S. and P.B.; funding acquisition,
A.V.and AJ.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research was founded by the National Research, Development and Innovation Office
(NKFIH), K-142728; Semmelweis University, TKP2021-EGA-24, STIA-KFI-2021; Hungarian Research
Network, ELKH-POC-2022-024, the New National Excellence Program of the Ministry for Culture
and Innovation from the Source of the National Research, Development and Innovation Fund, UNKP-
23-3-1-SE-36, UNKP-23-3-1-SE-42, UNKP-23-4-11-SE-29, UNKP-23-5-SE-15; Hungarian Academic of
Sciences, Janos Bolyai Research Scholarship.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Int. . Mol. Sci. 2023, 24, 17435 16 of 17

Data Availability Statement: Data are contained within the article.

Acknowledgments: We are grateful to Maria Bernath for her excellent technical assistance and to
Erzsébet Kovacs for providing histological sections.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Chen, C.Z,; Raghunath, M. Focus on collagen: In vitro systems to study fibrogenesis and antifibrosis state of the art. Fibrogenesis
Tissue Repair 2009, 2, 7. [CrossRef]

2. Wynn, T.A. Fibrotic disease and the TH1/TH2 paradigm. Nat. Rev. Immunol. 2004, 4, 583-594. [CrossRef] [PubMed]

3. Hughes, G.; Toellner, H.; Morris, H.; Leonard, C.; Chaudhuri, N. Real world experiences: Pirfenidone and nintedanib are effective
and well tolerated treatments for idiopathic pulmonary fibrosis. J. Clin. Med. 2016, 5, 78. [CrossRef] [PubMed]

4. Santos, G.; Fabiano, A.; Mota, P.C.; Rodrigues, I.; Carvalho, D.; Melo, N.; Novais-Bastos, H.; Alexandre, A.T.; Moura, C.S,;
Guimaraes, S.; et al. The impact of nintedanib and pirfenidone on lung function and survival in patients with idiopathic
pulmonary fibrosis in real-life setting. Pulm. Pharmacol. Ther. 2023, 83, 102261. [CrossRef] [PubMed]

5. Kendall, R.T.; Feghali-Bostwick, C.A. Fibroblasts in fibrosis: Novel roles and mediators. Front. Pharmacol. 2014, 5, 123. [CrossRef]
[PubMed]

6.  Kamiloglu, S.; Sari, G.; Ozdal, T.; Capanoglu, E. Guidelines for cell viability assays. Food Front. 2020, 1, 332-349. [CrossRef]

7. Supino, R. MTT assays. Methods Mol. Biol. 1995, 43, 137-149. [PubMed]

8.  Korzeniewski, C.; Callewaert, D.M. An enzyme-release assay for natural cytotoxicity. J. Immunol. Methods 1983, 64, 313-320.
[CrossRef]

9. Veres-Székely, A.; Pap, D.; Szebeni, B.; Orfi, L.; Szész, C.; Pajtok, C.; Lévai, E.; Szab6, A.].; Vannay, AJ. Transient Agarose Spot
(TAS) Assay: A New Method to Investigate Cell Migration. Int. ]. Mol. Sci. 2022, 23,2119. [CrossRef]

10. Rich, L.; Whittaker, P. Collagen and picrosirius red staining: A polarized light assessment of fibrillar hue and spatial distribution.
J. Morphol. Sci. 2017, 22, 97-104.

11.  Junqueira, L.C.U,; Bignolas, G.; Brentani, R.R. Picrosirius staining plus polarization microscopy, a specific method for collagen
detection in tissue sections. Histochem. J. 1979, 11, 447-455. [CrossRef]

12.  Onursal, C.; Dick, E.; Angelidis, I.; Schiller, H.B.; Staab-Weijnitz, C.A. Collagen biosynthesis, processing, and maturation in lung
ageing. Front. Med. 2021, 8, 593874. [CrossRef] [PubMed]

13. Canty, E.G.; Kadler, K.E. Procollagen trafficking, processing and fibrillogenesis. J. Cell Sci. 2005, 118, 1341-1353. [CrossRef]
[PubMed]

14. Sorushanova, A.; Delgado, L.M.; Wu, Z.; Shologu, N.; Kshirsagar, A.; Raghunath, R.; Mullen, A.M.; Bayon, Y.; Pandit, A,;
Raghunath, M. The collagen suprafamily: From biosynthesis to advanced biomaterial development. Adv. Mater. 2019, 31, 1801651.
[CrossRef]

15. Lareu, R.R; Arsianti, I.; Subramhanya, H.K.; Yanxian, P.; Raghunath, M. In vitro enhancement of collagen matrix formation and
crosslinking for applications in tissue engineering: A preliminary study. Tissue Eng. 2007, 13, 385-391. [CrossRef] [PubMed]

16. Veres-Székely, A.; Szebeni, B.; Pap, D.; Bokrossy, P.; Lévai, E.; Szasz, C.; Szab¢, J.A.; Vannay, A. A fibroblastok funkcionélis
vizsgélata—IV. rész: Az ECM-termelés mérése. Gyermekgyogydszat 2022, 73, 402—405.

17.  Coentro, ].Q.; Capella-Monsonis, H.; Graceffa, V.; Wu, Z.; Mullen, A.M.; Raghunath, M.; Zeugolis, D.I. Collagen quantification in
tissue specimens. Fibros. Methods Protoc. 2017, 1627, 341-350.

18. Lareu, R.R.; Zeugolis, D.I,; Abu-Rub, M.; Pandit, A.; Raghunath, M. Essential modification of the Sircol Collagen Assay for the
accurate quantification of collagen content in complex protein solutions. Acta Biomater. 2010, 6, 3146-3151. [CrossRef]

19. Sweat, F. Sirius red F3BA as a stain for connective tissue. Arch. Pathol. 1964, 78, 69-72.

20. Cooper, J.H. An evaluation of current methods for the diagnostic histochemistry of amyloid. J. Clin. Pathol. 1969, 22, 410-413.
[CrossRef]

21. Brigger, D.; Muckle, R.J. Comparison of Sirius red and Congo red as stains for amyloid in animal tissues. . Histochem. Cytochem.
1975, 23, 84-88. [CrossRef] [PubMed]

22.  Coleman, R. Picrosirius red staining revisited. Acta Histochem. 2011, 3, 231-233. [CrossRef] [PubMed]

23. Dayan, D,; Hiss, Y.; Hirshberg, A.; Bubis, J.; Wolman, M. Are the polarization colors of picrosirius red-stained collagen determined
only by the diameter of the fibers? Histochemistry 1989, 93, 27-29. [CrossRef] [PubMed]

24. Walsh, B.J.; Thornton, S.C.; Penny, R.; Breit, S.N. Microplate reader-based quantitation of collagens. Anal. Biochem. 1992, 203,
187-190. [CrossRef]

25. Marotta, M.; Martino, G. Sensitive spectrophotometric method for the quantitative estimation of collagen. Anal. Biochem. 1985,
150, 86-90. [CrossRef]

26. Lattouf, R.; Younes, R.; Lutomski, D.; Naaman, N.; Godeau, G.; Senni, K.; Changotade, S.J. Picrosirius red staining: A useful tool
to appraise collagen networks in normal and pathological tissues. J. Histochem. Cytochem. 2014, 62, 751-758. [CrossRef]

27. Whittaker, P; Kloner, R.; Boughner, D.; Pickering, ]. Quantitative assessment of myocardial collagen with picrosirius red staining

and circularly polarized light. Basic Res. Cardiol. 1994, 89, 397—410. [CrossRef]


https://doi.org/10.1186/1755-1536-2-7
https://doi.org/10.1038/nri1412
https://www.ncbi.nlm.nih.gov/pubmed/15286725
https://doi.org/10.3390/jcm5090078
https://www.ncbi.nlm.nih.gov/pubmed/27598213
https://doi.org/10.1016/j.pupt.2023.102261
https://www.ncbi.nlm.nih.gov/pubmed/37758002
https://doi.org/10.3389/fphar.2014.00123
https://www.ncbi.nlm.nih.gov/pubmed/24904424
https://doi.org/10.1002/fft2.44
https://www.ncbi.nlm.nih.gov/pubmed/7550641
https://doi.org/10.1016/0022-1759(83)90438-6
https://doi.org/10.3390/ijms23042119
https://doi.org/10.1007/BF01002772
https://doi.org/10.3389/fmed.2021.593874
https://www.ncbi.nlm.nih.gov/pubmed/34095157
https://doi.org/10.1242/jcs.01731
https://www.ncbi.nlm.nih.gov/pubmed/15788652
https://doi.org/10.1002/adma.201801651
https://doi.org/10.1089/ten.2006.0224
https://www.ncbi.nlm.nih.gov/pubmed/17518571
https://doi.org/10.1016/j.actbio.2010.02.004
https://doi.org/10.1136/jcp.22.4.410
https://doi.org/10.1177/23.1.46874
https://www.ncbi.nlm.nih.gov/pubmed/46874
https://doi.org/10.1016/j.acthis.2010.02.002
https://www.ncbi.nlm.nih.gov/pubmed/20188402
https://doi.org/10.1007/BF00266843
https://www.ncbi.nlm.nih.gov/pubmed/2482274
https://doi.org/10.1016/0003-2697(92)90301-M
https://doi.org/10.1016/0003-2697(85)90443-9
https://doi.org/10.1369/0022155414545787
https://doi.org/10.1007/BF00788278

Int. . Mol. Sci. 2023, 24, 17435 17 of 17

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44.

45.

46.

47.

48.

49.

Kliment, C.R.; Englert, ].M.; Crum, L.P; Oury, T.D. A novel method for accurate collagen and biochemical assessment of
pulmonary tissue utilizing one animal. Int. ]. Clin. Exp. Pathol. 2011, 4, 349.

Saxena, N.K,; Ikeda, K.; Rockey, D.C.; Friedman, S.L.; Anania, F.A. Leptin in hepatic fibrosis: Evidence for increased collagen
production in stellate cells and lean littermates of ob/ob mice. Hepatology 2002, 35, 762-771. [CrossRef]

Courtoy, G.E.; Leclercq, I.; Froidure, A.; Schiano, G.; Morelle, J.; Devuyst, O.; Huaux, F; Bouzin, C. Digital image analysis of
picrosirius red staining: A robust method for multi-organ fibrosis quantification and characterization. Biomolecules 2020, 10, 1585.
[CrossRef] [PubMed]

Huang, Y.; de Boer, W.B.; Adams, L.A.; MacQuillan, G.; Rossi, E.; Rigby, P.; Raftopoulos, S.C.; Bulsara, M.; Jeffrey, G.P. Image
analysis of liver collagen using sirius red is more accurate and correlates better with serum fibrosis markers than trichrome. Liver
Int. 2013, 33, 1249-1256. [CrossRef]

Segnani, C.; Ippolito, C.; Antonioli, L.; Pellegrini, C.; Blandizzi, C.; Dolfi, A.; Bernardini, N. Histochemical detection of collagen
fibers by sirius red/fast green is more sensitive than van gieson or sirius red alone in normal and inflamed rat colon. PLoS ONE
2015, 10, e0144630. [CrossRef]

Liu, J.; Xu, M.Y,; Wu, ]J.; Zhang, H.; Yang, L.; Lun, D.X.; Hu, Y.C,; Liu, B. Picrosirius-Polarization Method for Collagen Fiber
Detection in Tendons: A Mini-Review. Orthop. Surg. 2021, 13, 701-707. [CrossRef]

Zeiger, A.S.; Loe, EC,; Li, R,; Raghunath, M.; Van Vliet, K.J. Macromolecular crowding directs extracellular matrix organization
and mesenchymal stem cell behavior. PLoS ONE 2012, 7, e37904. [CrossRef]

Chen, C.; Peng, Y.; Wang, Z; Fish, P; Kaar, J.; Koepsel, R.; Russell, A.; Lareu, R.; Raghunath, M. The Scar-in-a-Jar: Studying
potential antifibrotic compounds from the epigenetic to extracellular level in a single well. Br. |. Pharmacol. 2009, 158, 1196-1209.
[CrossRef]

Lareu, R.R.; Subramhanya, K.H.; Peng, Y.; Benny, P.; Chen, C.; Wang, Z.; Rajagopalan, R.; Raghunath, M. Collagen matrix
deposition is dramatically enhanced in vitro when crowded with charged macromolecules: The biological relevance of the
excluded volume effect. FEBS Lett. 2007, 581, 2709-2714. [CrossRef] [PubMed]

Gnutt, D.; Ebbinghaus, S. The macromolecular crowding effect—from in vitro into the cell. Biol. Chem. 2016, 397, 37-44. [CrossRef]
[PubMed]

Rodriguez-Rodriguez, P.; Arribas, S.M.; de Pablo, A.L.L.; Gonzalez, M.C.; Abderrahim, F.; Condezo-Hoyos, L. A simple
dot-blot-Sirius red-based assay for collagen quantification. Anal. Bioanal. Chem. 2013, 405, 6863—6871. [CrossRef] [PubMed]
Rowshani, A.T.; Scholten, E.M.; Bemelman, F,; Eikmans, M.; Idu, M.; van Groningen, M.C.; Surachno, ].S.; Mallat, M.].; Paul, L.C,;
de Fijter, ].W. No difference in degree of interstitial Sirius red-stained area in serial biopsies from area under concentration-over-
time curves—guided cyclosporine versus tacrolimus-treated renal transplant recipients at one year. J. Am. Soc. Nephrol. 2006, 17,
305-312. [CrossRef] [PubMed]

Liu, S.; Yang, W.; Li, Y.; Sun, C. Fetal bovine serum, an important factor affecting the reproducibility of cell experiments. Sci. Rep.
2023, 13, 1942. [CrossRef] [PubMed]

Coller, H.A.; Sang, L.; Roberts, ].M. A new description of cellular quiescence. PLoS Biol. 2006, 4, e83. [CrossRef]

Coppock, D.L.; Kopman, C.; Scandalis, S.; Gilleran, S. Preferential gene expression in quiescent human lung fibroblasts. Cell
Growth Differ. 1993, 4, 483-493. [PubMed]

Suh, E.J.; Remillard, M.Y.; Legesse-Miller, A.; Johnson, E.L.; Lemons, J.; Chapman, T.R.; Forman, J.J.; Kojima, M.; Silberman, E.S.;
Coller, H.A. A microRNA network regulates proliferative timing and extracellular matrix synthesis during cellular quiescence in
fibroblasts. Genome Biol. 2012, 13, R121. [CrossRef] [PubMed]

Szarka, A.; Lérincz, T. The role of ascorbate in protein folding. Protoplasma 2014, 251, 489-497. [CrossRef]

Phillips, C.L.; Tajima, S.; Pinnell, S.R. Ascorbic acid and transforming growth factor-31 increase collagen biosynthesis via different
mechanisms: Coordinate regulation of proal (I) and proxl1 (III) collagens. Arch. Biochem. Biophys. 1992, 295, 397-403. [CrossRef]
[PubMed]

Murad, S.; Grove, D.; Lindberg, K.; Reynolds, G.; Sivarajah, A.; Pinnell, S. Regulation of collagen synthesis by ascorbic acid. Proc.
Natl. Acad. Sci. USA 1981, 78, 2879-2882. [CrossRef]

Kishimoto, Y.; Saito, N.; Kurita, K.; Shimokado, K.; Maruyama, N.; Ishigami, A. Ascorbic acid enhances the expression of type 1
and type 4 collagen and SVCT?2 in cultured human skin fibroblasts. Biochem. Biophys. Res. Commun. 2013, 430, 579-584. [CrossRef]
Banhegyi, G.; Benedetti, A.; Margittai, E,; Marcolongo, P.; Fulceri, R.; Németh, C.E.; Szarka, A. Subcellular compartmentation of
ascorbate and its variation in disease states. Biochim. Et Biophys. Acta (BBA)-Mol. Cell Res. 2014, 1843, 1909-1916. [CrossRef]
Pimentel, L. Scurvy: Historical review and current diagnostic approach. Am. |. Emerg. Med. 2003, 21, 328-332. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1053/jhep.2002.32029
https://doi.org/10.3390/biom10111585
https://www.ncbi.nlm.nih.gov/pubmed/33266431
https://doi.org/10.1111/liv.12184
https://doi.org/10.1371/journal.pone.0144630
https://doi.org/10.1111/os.12627
https://doi.org/10.1371/journal.pone.0037904
https://doi.org/10.1111/j.1476-5381.2009.00387.x
https://doi.org/10.1016/j.febslet.2007.05.020
https://www.ncbi.nlm.nih.gov/pubmed/17531987
https://doi.org/10.1515/hsz-2015-0161
https://www.ncbi.nlm.nih.gov/pubmed/26351910
https://doi.org/10.1007/s00216-013-7101-0
https://www.ncbi.nlm.nih.gov/pubmed/23780225
https://doi.org/10.1681/ASN.2005030249
https://www.ncbi.nlm.nih.gov/pubmed/16306168
https://doi.org/10.1038/s41598-023-29060-7
https://www.ncbi.nlm.nih.gov/pubmed/36732616
https://doi.org/10.1371/journal.pbio.0040083
https://www.ncbi.nlm.nih.gov/pubmed/8396966
https://doi.org/10.1186/gb-2012-13-12-r121
https://www.ncbi.nlm.nih.gov/pubmed/23259597
https://doi.org/10.1007/s00709-013-0560-5
https://doi.org/10.1016/0003-9861(92)90533-3
https://www.ncbi.nlm.nih.gov/pubmed/1586167
https://doi.org/10.1073/pnas.78.5.2879
https://doi.org/10.1016/j.bbrc.2012.11.110
https://doi.org/10.1016/j.bbamcr.2014.05.016
https://doi.org/10.1016/S0735-6757(03)00083-4

	Introduction 
	Results 
	Detection of Cell-Associated Collagens by Sirius Red Staining 
	Detection of Collagens in Cell Culture Medium by Sirius Red Staining 
	Optimization of In Vitro Experimental Setup to Detect Collagen Production of Fibroblasts 
	In Vitro Sirius Red Assay to Investigate the Efficacy of Antifibrotic Drugs 

	Discussion 
	Materials and Methods 
	Cell Lines and Treatments 
	Sirius Red Collagen Detection Assay for Cells 
	Sirius Red Collagen Detection Assay for Cell Culture Medium 
	Immunofluorescence Staining 
	Microscopy 
	Statistical Analysis 
	Step-by-Step Protocol of In Vitro Sirius Red Assay 
	Preparing Reagents 
	Cell Culture and Treatment 
	Sirius Red Staining of Cells 
	Sirius Red Staining of Cell Culture Medium 
	Detection 


	References

