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PuraMatrix allows differentiation of a broad repertoire of
neural and mesenchymal phenotypes from trunk neural crest
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ABSTRACT The neural crest (NC) is a transitory embryonic structure of vertebrates that gives rise
to an astonishing variety of derivatives, encompassing both neural and mesenchymal cell types.
Neural crest cells (NCCs) are an excellent model to study how environmental factors modulate
features such as cell multipotentiality and differentiation.Tests with multifunctional substrates that
allow NCCs to express their full potential, while promoting cell subcloning, are needed to advance
knowledge about NCC self-renewal and to foster future biotechnological approaches. Here we
show that a self-assembled peptide named PuraMatrix™ is an excellent substrate that allows the
differentiation of NCCs based on the identification of seven different cell types. Depending on the
PuraMatrix™ concentration employed, different frequencies and quantities of a given cell type were
obtained. It is noteworthy that an enormous quantity and diversity of mesenchymal phenotypes,
such as chondrocytes, could be observed.The quantity of adipocytes and osteocytes also increased
with the use of mesenchymal differentiation factors (MDF), but PuraMatrix™ alone can support
the appearance of these mesenchymal cell types. PuraMatrix™ will promote advances in studies
related to multipotentiality, self-renewal and control of NCC differentiation, since it is an extremely
simple and versatile material which can be employed for both in vivo and in vitro experiments.
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Introduction

Neural Crest Cells (NCCs) are multipotent cells able to give
rise to an astonishing variety of cell types. This heterogeneity
is outstanding since unrelated tissues, such as the peripheral
nervous system and head skeleton of vertebrates, are mostly
derived from embryonic NCCs (Dupin et al., 2018). Both in vivo
(Baggiolini et al., 2015; Bronner-Fraser and Fraser, 1988) and
in vitro experiments (Calloni et al., 2007; Calloni et al., 2009; da
Costa et al., 2018) indicate that most NCCs are multipotent and
not fate-restricted after emerging from the neural tube. Thus, the
final identities of NCCs are adopted during migration and settle-
ment at the final target tissues. Environmental cues, i.e., growth
factors and extracellular matrix, presentin, or emanating from, the
surrounding environment, drive NCCs differentiation (Dupin et al.,
2018). Much is known about growth factors and morphogens guid-
ing NCCs differentiation (Shah and Anderson, 1997; Paratore et
al., 2002). However, less is known about how specific substrates
or extracellular matrices act on NCC differentiation.

The cell types obtained from trunk neural crest cells (TNCCs)
cultured on plastic culture dishes are restricted to glial cells, smooth
muscle cells, melanocytes and some few neurons (Bittencourt et
al., 2013). Plastic culture surfaces coated with commercially avail-
able purified extracellular matrices, such as fibronectin, laminin, or
collagens | and IV, are easy to manipulate and enable the creation
of controlled substrate environments (Loring et al., 1982; Perris et
al., 1993). For example, fibronectin has been effective in selecting
specific NCCs progenitors endowed with smooth muscle differen-
tiation potential (Costa-Silva et al., 2009). Studies like this have
gained insight into the importance of fibronectin for correct heart
development, given that cardiac NCCs contribute extensively to
this tissue (George et al., 1993).
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ECM, extracellular matrix; HNK1, human natural killer 1; MDF, mesenquimal
diferentiation factor; NC, neural crest; NCC, neural crest cell; PM, PuraMatrix;
TH, tyrosine hydroxylase; TNCC, trunk neural crest cell.
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However, even isolated specific extracellular matrix (ECM) mol-
ecules do not allow expression of the full potential of NCCs, like
neurons and chondrocytes. To circumvent this limitation, monolay-
ers of mouse embryonic cells (3T3) were adopted as substrate to
perform NCCs cultures (Baroffio et al., 1988). Importantly, much of
what is currently known about multipotentiality and differentiation
potential of avian NCCs comes from studies using 3T3 feeder-layers
as substrate (Baroffio et al., 1988; Baroffio et al., 1991; Trentin et
al., 2004; Calloni et al., 2007; Calloni et al., 2009; da Costa et al.,
2018). However, as a complex living substrate, 3T3 prevents sub-
cloning experiments from being carried out, greatly restricting in
vitro studies. To overcome such drawbacks, we tested a substrate
composed of the basement membrane derived from a rat sarcoma
and commercially available (Matrigel™) (Kleinman and Martin, 2005).
Matrigel™ can be disassembled, allowing subcloning experiments.
This substrate proved to support the differentiation of the main
TNCCs types, such as glial cells, neurons and melanocytes. Also
a high frequency (over 80% of cultures) containing chondrocytes
was observed (Ramos-Hryb et al., 2013).

However, Matrigel™ also involves problems, such as different
concentrations of ECM molecules and the presence of several
known and unknown growth factors which promote variations from
batch to batch (Kleinman and Martin, 2005). One solution is to mix
several batchesinanattemptto “homogenize”the differences among
batches, but this makes Matrigel™ impractical to use and expensive
(Ramos-Hryb et al., 2013). Moreover, since Matrigel™ is removed
from rat osteosarcoma, it cannot be used as a substrate in future
cell therapies. Thus, all these concerns prompted us to search for
other substrates that can overcome all these issues.

We envisionedthat a class of self-assembled peptides developed
in the 90s by Dr. Zhang could address the challenge. One of them,
PuraMatrix™ (PM) is a 16 amino acid synthetic peptide formed by
repeated sequences of arginine-alanine-aspartic acid-alanine, also
described as (RADA), or RADA16-I (Zhang et al., 1995). Since PM
consists of amino acids (1% w/v) and 99% water, it is an extremely
pure matrix, free from growth factors and any kind of animal mat-
ter. When in contact with salt solutions, PM peptides self-assemble
spontaneously, forming fiber sizes 7to10 nmin diameter, very similar
to natural ECM of 5-10 nm. Pore size ranges from 50 to 400 nm,
varying according to its concentration in water (Zhang et al., 2005).
PM has been used as substrate or scaffold to perform cultures of
several cell types, but no study has previously tested PM using
embryonic NCCs.

Here, we show, for the first time, that PM allows the survival,
proliferation and differentiation of a vast array of cell types derived
from TNCCs. Our data show that PM is a new substrate to culture
embryonic NCCs and that it helps to foster future studies related to
NCCs multipotentiality, self-renewal and differentiation, as well as
envision biotechnological approaches since NCCs exhibit stem cell
properties that have been found in several adult tissues.

Experimental Procedures

Ethical concerns

The animal protocol used in this study was approved by the Ethics
Committee on Animal Use of the Federal University of Santa Cata-
rina (CEUA/UFSC) under the protocol n° 7224130916 (ID 000289).

NCC cultures
TNCCs were isolated from explanted neural tubes at the tho-

racic level (last 10 somites) from quail embryos at 18-24 somite
stage. The explanted neural tubes were seeded on a 35 mm plastic
dish (Corning®) with “basic medium” consisting of alpha-modified
minimum essential medium (a-MEM, Invitrogen®), 10% fetal bo-
vine serum (FBS, Invitrogen®) and 2% chicken embryo extract.
After 15 hours of primary culture, the neural tubes were discarded
under microscopic control with tungsten needles, and the migrated
TNCCs were harvested with trypsin 0.05% (Invitrogen®) to perform
secondary cultures.

Isolated TNCCs were seeded in 96-well plates (around 400 cells/
well) previously coated with 20 pL of PuraMatrix™ (Corning®) pure
(1%) or diluted in Milli-Q water at 0.15%, 0.25%, and 0.5% strictly,
as described by the manufacturer’s guidelines. TNCCs were main-
tained in “basic medium” through the time of secondary cultures, i.e.,
14 and 21 days. In 21-day experiments 50 cells/well were seeded
(instead of 400 cells/well) in order to avoid detachment of cells from
the wells surface around day 18. On the seventh day of secondary
culture, part of the cultures was supplemented with hormones and/
or growth factors added to the “basic medium” in order to stimulate
osteogenic and adipogenic differentiation. This medium was similar
to a medium previously employed, called MDF (for Mesenchymal
Differentiation Factors) (Coelho-Aguiar et al., 2013). MDF was
composed of B-glycerol phosphate (5 mM); ascorbic acid (25 mg/
ml); dexamethasone (0.05 mM); insulin (2.5 mg/ml); indomethacin
(100 mM) and isobutylmethylxanthine (0.5 mM) (all from Sigma®).
Cells were maintained for 14 or 21 days at 37°C in a humidified 5%
and CO,95% air atmosphere, with medium replaced every 3 days.

Live/dead assay

Viability of NCCs on PM was measured by LIVE/DEAD assay
(Invitrogen®) used strictly according to manufacturer’s instruc-
tions. Live/Dead cells were visualized by fluorescence microscopy
(Olympus 1X71), and quantitative data were obtained by manually
counting random and non-overlapping microscopic fields at 3, 5
and 7 days of culture. All PuraMatrix™ concentrations described
above were tested.

Phenotypic analysis

At 14 or 21 days of secondary cultures, TNCCs were fixed with
4% paraformaldehyde for 40 min. The analysis of distinct pheno-
types was performed employing different specific antibodies and/
or staining. Chondrocytes were first observed as three-dimensional
cellaggregates under phase-contrast microscopy and then detected
by immunofluorescence to Chondroitin Sulfate (CS) (1:1600; clone
CS56 Sigma®). Cartilage matrix was also evidenced by Alcian Blue
(Sigma®) staining (2% in HCI 0.1 M) for 40 min. Then excess stain-
ing was washed out by three rinses in Milli-Q water.

To specifically detect cells of bone lineage we first performed
immunocytochemistry reactions employing the monoclonal antibody
SB-5, as developed by Arnold Caplan between the 1980s and 1990s
(Bruder and Caplan, 1990). Dr. Caplan generously donated some
aliquots of this antibody to our research group. The cultures were
maintained overnight with 50 ul SB-5 conditioned media antibody.
After PBS washing of primary antibody, the cultures were incubated
for 1 hour at room temperature with 50 pl of specific IgM secondary
isotype antibody (1:100; Alexa 488; Invitrogen®). For identification
of bone mineralization, two markers were initially employed: the
early stage marker Alkaline Phosphatase (ALP) (Sigma® 85L2 kit),
the activity of which is important to start bone mineralization, and
the stain Alizarin Red (AR) which detects calcific deposition (matrix



mineralization) by osteogenic cells. To prepare the ALP solution, a
Fast-blue RR salt capsule was diluted in 48 ml of distilled water at
room temperature. Culture wells received 50 pl of the ALP staining
solution that remained protected from direct light for 30 min. Another
set of cultures received 50 pl of 2% AR that was maintained for 10
min. After the respective staining times, the cultures were washed
with distilled water.

Adipocytes were visualized through triglyceride lipid accumulation
employing Oil Red O staining in which a stock solution of Oil Red
O (Sigma®) at 0.5% in isopropanol was diluted 6:4 (vol:vol) in H20
and filtered before application to the cultures for 30 min.

The other NC phenotypes were detected strictly as previously
described by Ramos-Hryb (2013), i.e., glial cells detected by HNK1
antibody, tyrosine hydroxylase (TH) for catecholaminergic (all
undiluted hybridoma supernatants), and a-smooth muscle actin
(«SMA; 1:400, Sigma®) for myofibroblasts/smooth muscle cells.
Specific secondary antibodies, Alexa-488 and Alexa-594, were
all from Invitrogen®. Pigment cells were recognized by the simple
presence of melanin. Cell nuclei were stained with 4’,6-Diamidino-
2-Phenylindole (DAPI). Fluorescence was observed with an Olympus
IX71 microscope.

Statistical analysis
Cell viability was calculated by one-way ANOVA with the Tukey’s
Post-test. Results were expressed as Mean + SEM and considered
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significant with p-value < 0.05.

Phenotypic analysis was performed by comparing the sum of
positive culture wells (absolute frequencies) of a given phenotype by
chi-squaretest (x2). Two kinds of comparisons were performed: a) the
effect of different PM concentrations on the frequency of appearance
of a given phenotype, and b) the effect of MDF on the frequency of
appearance of a given phenotype, in this case always comparing
against the untreated MDF group at the same PM concentration.
Results were expressed as the percentage of positive wells for a
given phenotype and considered significant with p-value < 0.01.

Since the amount of some cell types per well was enormous, we
merely estimated their quantity to give an order of magnitude, which
can be observed in Tables 1 and 2. All statistical analyses described
were performed with Prism 6 (GraphPad® Prism. Inc., USA).

Results and Discussion

PuraMatrix™ supports the differentiation of neural and
melanocytic phenotypes derived from Trunk Neural Crest Cells

First, we tested TNCCs viability cultured at four different PM
concentrations (1%, 0.5%, 0.25% and 0.15%).

On the 3 day of culture the number of living cells was higher in
TNCCs cultures performed on PM at 0.15% and 0.25%, compared
to PM at 0.5% and especially to PM at 1% (Fig. 1A). The number
of dead cells was not statistically different among all PM concen-
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trations (Fig. 1B). However, strong differences were detected
when taking into account the proportions of dead cells compared
to the total of living cell population. At PM 1%, dead cells cor-
responded to 42% of the total cell population. The proportion
of dead cells decreases to 17% in PM at 0.5% and to less than
10% at PM 0.25% and 0.5% (Fig. 1C).

On the 5" day of culture the number of living cells was higher
in TNCCs cultures performed on PM at 0.25%, compared to PM
at 0.5% and 1%. PM at 0.15% and 0.5% also exhibited more liv-
ing cells compared to PM 1% (Fig. 1D). However, as the number
of dead cells was higher in PM at 0.25%, compared to PM at
0.15% and 0.5%, the proportion of living cells was very similar
(around 95%) among all these concentrations (Fig. 1E). The
only exception was PM at 1%, which exhibited proportionally the
double of dead cells (16%), compared to PM at 0.25% (Fig. 1F).

Finally, on the 7" day of culture the number of living cells was
higherin PM at 0.25%, compared to all other PM concentrations
(Fig. 1G). The number of dead cells was also higher at this
concentration, making the proportion of living cells very similar
among the PM concentrations (more than 90%) (Fig. 1H and
11). Again, the only exception was PM at 1%, which exhibited
proportionally the double of dead cells (16%), compared to PM
at 0.25% (Fig. 11).

Considering that PM at 1% presented higher proportion of
dead cells compared to all the other PM concentrations and
did not promote a significant expansion of the initial TNCCs
population, we pursued our studies with PM in concentrations
of 0.5%, 0.25% and 0.15%. The three different concentrations
tested allowed the differentiation of glial cells, adrenergic cells
and melanocytes (Fig. 2). A cocktail of growth factors and
hormones (MDF see Materials and Methods) was added from
day 7 to day 14. Even considering that MDF acts by stimulating
adipocytic and osteogenic differentiation, we also search for pos-
sible influences of MDF in neural and melanocytic phenotypes.

Glial cells were present in almost 95% of cultures at 0.15%
and 0.25% PM concentrations (Fig. 2A). However, this percent-
age dropped to 60% at 0.5% PM concentration (Fig. 2A). The
number of glial cells per well was also higher in PM at 0.15%
and 0.25% compared to PM 0.5% concentration (Table 1A).
Treatment with MDF diminished both the number and the fre-
quency of glial cells appearing in all PM concentrations tested
(Table 1 and Fig. 2A, respectively). Taken together, these data
suggest that the lowest PM concentrations are better for glial

TABLE 1

ESTIMATED AMOUNTS OF GLIAL CELLS, NEURONS
AND MELANOCYTES PER WELL IN TNCCS CULTURED
ON PURAMATRIX™ (PM)

Glial cells Neurons Melanocytes
[ 1PM™ -MDF +MDF -MDF +MDF -MDF +MDF
0.15% ok * * *? * *
0.25% *r * * ¢T * *
0.5% * |l * 1 * *

Four main groups classified according to the estimated quantity of each phenotype: Small (*),
medium (**), large (***) and very large quantity (****). * Small (present in up to 25% of the well),
** medium (present in up to 50% of the well), *** large (present in up to 75% of the well) and ****
very large (present in up to 100 % of the well). The arrows indicate a decreasing (down arrow) or
increasing (up arrow) tendency in cell number, comparing MDF-treated to untreated conditions.
[ ] = concentration.

phenotype differentiation and that treatment with MDF disrupts
glial development. The morphology of the majority of glial cells
was flat and scattered at 0.15% in both control and MDF-treated
cultures (Fig. 2B). At 0.25% and 0.5% in treated and untreated
cultures, most of cells were more elongated, exhibiting a fusiform
morphology and displaying long projections which we may sug-
gest to be filopodia (Fig. 2C). However, it is important to note
that none of these morphologies was detected exclusively in a
given concentration of PM, but rather a mixture of cells exhibit-
ing different morphologies was the norm.

Aprevious study demonstrated that PM 0.25% promoted ad-
hesion, survival and proliferation in vivo and in vitro of Schwann
cells obtained from sciatic nerves of human fetuses (Moradi
et al., 2012). PM at 0.10%, 0.15% and 0.25% concentrations
also allowed the differentiation of glial cells derived from human
embryonic stem cells (Yla-Outinen et al., 2014). More recently,
PM at 0.10% has been associated with electrospinning of Poly
(lactic-co-glycolic acid) forming peptide cospun scaffolds. In
this association, PM exerted a biomimetic cell recognition mo-
tif towards functional proliferation of rat Schwann cell line 96
(Nune et al., 2019). Our data demonstrate that PM allows the
differentiation of glial cells from undifferentiated TNCCs, open-
ing the possibility of future studies related to stem cell therapy.

Regarding adrenergic cells, the percentage of wells exhibiting
neurons decreases proportionally at increased PM concentra-
tions (Fig. 2D). Although not statistically significant, MDF pro-
moted anincrease in the percentage of wells exhibiting TH* cells
compared to untreated wells at 0.25% and, especially, at 0.5%
PM concentration (Fig. 2D). Moreover, the number of TH* cells
was slightly elevated upon MDF treatment (Table 1 and Fig. 2E
vs. 2F). These data show that lower PM concentrations (0.15%
and 0.25%) are better for neural development and that MDF
does not disrupt neuronal differentiation. The morphology of the
neurons remained very similar among all conditions analyzed
(Fig. 2 E-F). Our data agree with a previous work showing that a
mixture of PM (at the same concentrations herein tested: 0.15%,
0.25%, 0.5%) with laminin allowed the differentiation of human
neural progenitor cell line (ReNcell) to B-Tubulinlll* and to TH*
cells. Only at the concentration of 0.5% was the hydrogel shown
to be adverse to TH* cells, as the number of these neurons was
reduced (Ortinau et al., 2010). Another study demonstrated
that PC12 cells exhibited the longest neurites when cultured at
0.25% PM compared to 0.5% and 1% concentration (Kaneko
and Sankai, 2014). PM (at 0.25%) was also shown to be a better
substrate compared to Matrigel™ by supporting the survival,
migration and differentiation of fetal human neural stem cells
(hNSCs) (Thonhoff et al., 2008). On the other hand, we did not
find any difference in the frequency of appearance of neuronal
phenotype from TNCCs cultivated on PM in comparison to our
previous work employing Matrigel™ (Ramos-Hryb et al., 2013).
More recently, Jahan-Abad et al., (2018) cultivated hNSCs cells
derived from epileptic human brain (hRNS/PCs) in PM. Using a
rat model of traumatic brain injury (TBI), they transplanted the
hNS/PCs seeded in PM at 0.15%. The cells survived, migrated
and differentiated into neurons, microglia and astrocytes in the
immediate vicinity of the injured cerebral cortex. Moreover, TBI
rats that received hNS/PCs soaked in PM displayed improved
functional recovery, decreased lesion volume, inhibited neuroin-
flammation and reduced reactive gliosis at the injury (Jahanbazi
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Jahan-Abad etal.,2018). Thus, PM represents a potential option
as substrate/scaffold for future cell therapy approaches related
to the central and peripheral nervous system.

No differences in melanocytes were observed, either in the
percentage of wells or in the quantity of cells among different
PM concentrations containing melanin-expressing cells (Fig.
2G and Table 1, respectively). MDF treatment did not exert
any adverse effect on melanocytic differentiation. At lower PM
concentrations (0.15% and 0.25%), melanocytes presented a
thin and elongated morphology, some cells displayed a very
irregular and branched shape (Fig. 2H), very similar to that ob-
served when TNCCs were cultivated on the 3D environment of
Matrigel™ (Ramos-Hryb et al., 2013). On the other hand, in PM
0.5%, the cells were flat and more spread out in the substrate
(Fig. 21), similar to that found when cultivated on 2D-Matrigel™
or in plastic dishes (Ramos-Hryb et al., 2013). To the best of
our knowledge, this is the first time that melanocytes have been
shown to differentiate in PM substrate. Thus, PM can be em-
ployed as substrate to advance future studies related to normal
and abnormal melanocytic development, such as melanoma.

In conclusion, PM at lower concentrations (0.15% and 0.25%)
was shown to be the best condition to support both glial and
adrenergic differentiation. MDF promoted a reduction in both the
frequency and quantity of glial cells. Adversely, MDF stimulated a

slightaugmentin frequency and quantity of neurons. Melanocytic
differentiation was not affected, either by PM concentrations or
by MDF treatment.

PuraMatrix™ supports the differentiation of mesenchymal
phenotypes derived from TNCCs

Since TNCCs did not originate mesenchymal derivatives in
vivo, we devoted special attention to the characterization of
these phenotypes.

PM allowed the differentiation of smooth muscle cells, adi-
pocytes, chondrocytes and osteoblasts/osteocytes. When MDF
was added (from day 7 to day 14), the percentage of cultures
exhibiting adipocytes and osteocytes augmented, and bone
mineralization was detected at day 21.

Smooth muscle cells (SMA*) were by far the most abundant
cell type observed in our experiments. SMA* cells appeared in
90 to 100% of all PM concentrations tested (Fig. 3A). The only
exception was observed at PM 0.5% where MDF-treated cultures
displayed a huge reduction (around 50%) in both frequency and
number of SMA* cells (Fig. 3A, Table 2). The number of SMA*
cells progressively augmented in lower PM concentrations
(Table 2). Moreover, MDF treatment promoted a reduction in the
number of SMA* cells in all PM concentrations tested (Table 2).

Possibly the abundance of this cell type could be explained
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by Oil Red at PM 0.15% from both MDF-untreated (E) and MDFtreated cultures (F). Representative pictures of phase contrast microscopy displaying
cartilage nodules stained by Alcian Blue at PM 0.15% from MDF-untreated cultures (H) and immunofluorescence to Chondroitin Sulfate at PM 0.15%
from MDF-treated cultures (1). Cell nuclei in (B,C) were detected by staining with DAPI (in blue) (Magnification B,C, E,F, H,I: 400x). [ ] = concentration.

by the similarity between the amino acid sequences of RAD
(that forms PM) and the RGD amino acid sequence which al-
lows extensive cell binding through integrin receptors (Zhang
et al., 1995). Previously, we elucidated that the extracellular
matrix (ECM) protein fibronectin, which contains RGD sequence,
promotes the survival of NC progenitors endowed with smooth
muscle cell potential (Costa-Silva et al., 2009). Like RGD, RAD
motifs allow cell attachment of several cell lines, including fi-
broblasts and keratinocytes, but RGD-binding integrins are not

TABLE 2

ESTIMATED AMOUNTS OF MESENCHYMAL PHENOTYPES PER
WELL IN TNCCS CULTURED ON PURAMATRIX™ (PM)

Mussr:; O::”S Adipocytes Chondrocytes Osteocytes
[ 1PM™ -MDF +MDF -MDF  +MDF -MDF +MDF -MDF  +MDF
0.15% . - N *x * N N *
0.25% i * * ** * * N.T N.T
0.5% * * N.D * * * N.T N.T
Four main groups classified according to the estimated quantity of each phenotype: Small (*),
medium (**), large (***) and very large quantity (****). * Small (present in up to 25% of the well), **

medium (present in up to 50% of the well), *** large (present in up to 75% of the well) and **** very
large (presentin up to 100 % of the well). N.D. (Not Detected), N.T. (Not Tested). [ ] = concentration.

required for cell attachment to PM (Zhang et al., 1995; Holmes
et al., 2000;). Thus, it is possible that the interactions between
RAD-charged amino acid residues and cell-surface components
play a role in non-integrin-mediated cell attachment (Zhang et al.,
1995). Moreover, the RGD sequence in chicken cytotactin/tenascin
can be mutated to RAD without significant loss of cell attachment
activity (Prieto et al., 1993).

At 0.15% PM concentration, the morphology of SMA* cells was
shown to be more elongated and fusiform (Fig. 3B). At PM 0.25%,
but especially at 0.5%, they were flatter and more spread out
(Fig. 3C). Cells are able to penetrate deeper into the matrix and
prolong their filopodia since at lower concentrations, PM exhibits
larger pores (Ortinau et al., 2010). On the other hand, increasing
concentrations of PM have a denser and tighter composition, form-
ing smaller pores that favor more focal adhesion sites. This can
explain the flatter morphology adopted by smooth muscle cells at
higher PM concentrations.

Adipocytes were detected in 100% of wells on all PM concentra-
tions, but only in the presence of MDF (Fig. 3D). MDF promoted
an increase not only in the frequency but also in the number of
adipocytes (Table 2 and Fig. 3E vs. 3F). Components of MDF
like dexamethasone, insulin, isobutylmethylxanthine are known
inductors of adipogenesis. For example, 3T3-L1 preadipocytes



treated for 48 hours with these chemical agents stimulated a
sharp increase (20-folds) in the activity of the enzyme fatty acid
synthetase, comparedtountreated 3T3-L1. The higherlevel of fatty
acid synthetase activity can be attributed entirely to an increased
rate of enzyme synthesis promoted by the adipogenic cocktail
(Student et al., 1980).

Billon and colleagues showed, for the first time, the ability of
both cephalic and trunk NCCs to undergo adipogenesis when
stimulated by the same cocktail of hormones and growth factors
herein employed. They registered 40% of the cultures presenting
adipocytes (Billon et al., 2007). Moreover, Coelho-Aguiar detected
adipocytes in 90% of TNC mass cultures (400 cells/well seeded)
when MDF was added. These cultures were performed on plastic
culture wells covered with collagen type I. In clonal cultures (one
single cell/well seeded), this frequency drops to 37%. Importantly,
adipocytes were not detected in both mass and clonal cultures in
the absence of the MDF (Coelho-Aguiar et al., 2013).

Surprisingly, we detected adipocytes in our cultures even without
MDF, but only at PM concentrations of 0.15% and 0.25% (28% and
44%, respectively). Thus, our data show that adipogenic potential
of TNCCs can be unveiled only by employing PM as substrate
withoutthe necessity of any other stimulant. As hydrogels are softer
substrates compared to the plastic cell dishes commonly employed
in cultures, some phenomena, such as mechanotransduction, can
be related to the spontaneous appearance of this cell type on PM.
For example, human MSCs are more likely to differentiate in adi-
pocytes when grown on polyacrylamide gels with low stiffness, in
comparison with stiffer matrices (Winer et al., 2009). Considering
that increasing concentrations of PM have a denser and tighter
composition (Ortinau et al., 2010), the presence of adipocytes only
in the lower PM concentrations (0.15 and 0.25%) strengthens this
hypothesis.

To the best of our knowledge, this is the first time that PM has
been used to obtain adipocytes from NCCs. However, other stud-
ies have already used PM as substrate for adipocytes from other
sources. For example, adipose stem cells (ASC) from rats were
successfully cultured on PM (Yang et al., 2018). Another study
performed fat grafts between rats comparing PM and Matrigel™
as substrates to carry adipocytes. The relative presence of intact
adipocytes was markedly augmented in the fat/Matrigel™ graft
group (70%) compared to only 7% fat/PM grafts (PIASECKI et
al., 2008).

In order to improve PM capacities, several short bioactive
peptide motifs that act as soluble growth factor analogues and
macromolecules of ECM are being conjugated to the C-terminus
of amino acids that constitute PM. These “modified” or “functional-
ized” PMs aim at the development of approaches for a wide range
of medical applications for regenerative medicine.

Thus, Liu and colleagues extended the C-terminus of RADA16-
I (PM) to obtain three different functionalized PMs using: a) the
short bone marrow homing motif (SKPPGTSS), b) the heparin-
binding motif (FHRRIKA) and c) the two-unit RGD cell adhesion
motif (PRGDSGYRGDS). Human adipose stem cells (hASC)
were cultured on these new 3-D scaffolds and exhibited higher
proliferation, migration and secretion of angiogenic growth factors
compared to cells cultured on plastic or pure RADA16-I substrates
(Liu et al., 2013).

In conclusion, our observation that PM is able per se to allow,
or even promote, adipogenic differentiation from TNCCs should
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advance NC studies regarding this cell type, especially considering
the possibility of using functionalized PM lattices.

Regarding chondrocytes, at 14-day cultures, all PM concentra-
tions tested allowed for the appearance of cartilage nodules as
assessed through glycosaminoglycans (GAGs) expression by Al-
cian Blue staining and Chondroitin Sulfate (CS) immunodetection
(Figs. 3 H-I, respectively). Chondrocytes were arranged in both
tight and loose nodules. At the center of the tight nodules, GAGs
expression was faint, but at their periphery, high levels were de-
tected as assessed by Alcian Blue staining (Fig. 3H). On the other
hand, chondrocytes present in loose cartilage nodules expressed
high levels of CS without distinction between the center and the
periphery (Fig. 31). Possibly, the access of the stain and/or antibody
to the core of cartilage nodules is different between dense and
loose cell aggregates. GAGs contents must be easier to detect in
the periphery of nodules or in loose cell associations owing to the
larger space among cells allowing higher ECM deposits. Besides,
Wang and colleagues showed that GAG synthesis by bovine articular
chondrocytes cultured on PM increased significantly only after day
7. The authors suggested that chondrocytes need to be cultured
on PM for more than 14 days for the production of ECM (Wang
et al., 2010). Since our cultures started with completely undiffer-
entiated NC cells, it is likely that the time should be extended for
large amounts of GAG production and deposition. Another study
showed that human chondrocytes (from auricular cartilage) soaked
in PM exhibited a significantly smaller accumulation of collagen
type Il and GAG, compared to cells cultured on atelopeptide col-
lagen and alginate (Yamaoka et al., 2006). However, compared to
other hydrogels (Mathixhyal®, Extracel® and Pluronic-Collagen),
it is noteworthy that only chondrocytes cultivated in PM exhibit a
disaccharide profile which closely matched that of native articular
cartilage, as assessed by fluorophore-assisted carbohydrate
electrophoresis (FACE) (Wang et al., 2010).

It should be noted that the mesenchymal differentiation media
added from day 7 to day 14 or 21 was composed of a cocktail of
hormones and growth factors aimed mainly to stimulate adipogen-
esis and osteogenesis. However, some chemical agents present
in the cocktail (i.e. insulin, dexamethasone and ascorbic acid) are
also known to stimulate chondrogenesis (Quarto et al., 1992).
Increased rates of chondrogenesis were not detected in cultures
treated with MDF, probably due to the fact that we placed the MDF
just after the period of highest appearance of the cartilage nodules
that occurs between the fifth and seventh day of culture.

On day 21, the expression of chondroitin sulfate was very
high only in chondrocytes of loose cartilage nodules (Fig. 5F),
vanishing from tight nodules, which exhibited high expression
of the osteogenic markers Alizarin Red (Fig. 5 B-C) and Alkaline
Phosphatase (Fig. 5E). These results reinforce the idea that two
different types of cartilage may have developed in our cultures,
as represented by tight and loose cell aggregates. The possibility
that chondrocytes forming tight nodules transdifferentiate directly
into osteoblasts cannot be discarded since several recent studies
show that cartilage can transdifferentiate directly into bone, both in
vivo and in vitro (Aghajanian and Mohan, 2018). Our studies must
address this question appropriately in the future.

Lower PM concentrations (0.15% and 0.25%) exhibit the highest
frequencies of wells (80-90%) containing cartilage nodules, regard-
less of MDF treatment (Fig. 3G). The only significant reduction
(around 50%) in the frequency of chondrocyte appearance was



440 C.R. Taufer et al.

detected in MDF-treated cultures of 0.5% compared to 0.15% PM.
Previously, our group demonstrated that Matrigel™ can support
chondrogenic differentiation up to 80% of TNCCs cultures (Ramos-
Hryb et al., 2013). Unfortunately, the number of cartilage nodules
obtained on Matrigel™ was very low and never exceeded more
than five (5) nodules per well. Here, despite enormous variability,
the number of cartilage nodules obtained could easily exceed fifty
(50) nodules per well, even in MDF-treated cultures of PM at 0.5%.

Kisiday and colleagues were one of the first research groups
to employ PM as substrate to cultivate chondrocytes (Kisiday et
al., 2002). Curiously, the same PM employed in our experiments
(RADA16) did not present optimal results because it is mechani-
cally rather weak. On this account, the group designed a new
self-assembled peptide called KLD12 (n-KLDLKLDLKLDL-c).
After 4 weeks of culture, the chondrocytes seeded within the
peptide scaffold developed a cartilage-like extracellular matrix rich
in proteoglycans and type Il collagen. Regrettably, KLD12 is not
available commercially.

Other groups tested RADA16 as scaffold or carrier of human
mesenchymal stem cells (hMSCs), intending future transplantations
to cartilage regeneration. For example, in one study, the nucleus
pulposus of intervertebral discs of minipigs was aspirated, and
then hMSCs were transplanted in a mixture with PM hydrogels.
The hMSCs survived after transplantation into injured porcine
spinal disc for at least 6 months and expressed the chondrogenic
markers SOX9, Aggrecan, and Collagen IIB (Henriksson et al.,
2009). More recently, a new “functionalized” PM called RADA-
KPSS, constructed by conjugating BMP-7 short active fragment
-KPSS- to the C-terminus of RADA16, was employed as substrate
to cultivate chondrocytes derived from nucleus pulposus of human
donors. The RADA-KPSS peptide attenuated the expression of
MMP-3, MMP-9, and ADAMTS-4, promoted the accumulation of
ECM proteins, and increased the secretion of GAG, as compared
with unmodified RADA16 (Li et al., 2018). Another modification
of hydrogels includes adsorbing growth factors in PM. Increased
proteoglycan synthesis was detected in chondrocytes in cartilage
explants placed nextto PM hydrogel where heparin-binding insulin-
like growth factor 1 (HB-IGF-1) was adsorbed (Florine et al., 2015).
These examples show that “modified” or “functionalized” PMs are
better than simple PM and represent a promising technique to aid
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cartilage repair via enhanced matrix production and integration
with native tissue.

Finally, we also detected osteoblasts and osteocytes after 14
and 21 days of culture. Unfortunately, it is technically impossible to
perform in situ hybridization in PM. The matrix easily dissociates
with methanol during the fixation process. Consequently, we could
not use the mRNA of Runx2as an osteoblast marker, as previously
described for both cephalic and trunk neural crest (Calloni et al.,
2009; Coelho-Aguiar et al., 2013). Besides, the Runx2 antibodies
tested did not give us trustworthy results. Thus, we employed the
antibody SB5 developed by Arnold Caplan in the 90s to recognize
bone specifically in avian species (Bruder and Caplan, 1990).

Around 20% of cultures exhibited SB5*cells at 14 days with PM
0.15%. Although statistically similar, the frequency of culture wells
exhibiting SB5* cells increased three-fold (60%) upon osteogenic
cocktail (MDF) treatment (Fig. 4A). In TNCC cultures performed
on PM 0.25%, around 60% of culture wells displayed SB5* cells.
After MDF treatment, this frequency rose to 100% (Fig. 4A). Taken
together, these data show that higher PM concentration and MDF
treatment (as expected) stimulate osteogenesis.

On 21 days of culture (analyzed only on PM 0.15%), both
alizarin red (AR) (Fig. 5B) and ALP staining were present in
MDF-untreated cultures (around 40% for both markers), show-
ing that bone mineralization takes place even in the absence of
an osteogenic cocktail (Figs. 5 A,D). However, TNCCs cultures
treated with MDF displayed higher rates of bone mineralization
compared to untreated cultures, whereas 100% of culture wells
showed AR staining (Figs. 5 A,C) and 80% of wells exhibited ALP
expression (Figs. 5 D,E). The fact that PM per se has the capac-
ity to allow osteogenesis was already demonstrated by growing
human mesenchymal stem cells (MSC) on 0.25% PM without the
addition of any osteogenic-promoting cocktail (Chen et al., 2013).
However, as observed here, the employment of an osteogenic me-
dium stimulates the increase of ALP production by MSCs (derived
from rat bone marrow) encapsulated in PM (Hamada et al., 2008).
Increased ALP expression was also detected in an osteoblastic
cell line (HMS0014) when cultivated in PM 1% and treated with
an osteogenic cocktail (IWAI et al., 2012). Tenenbaum was the
first to establish two completely defined mediums to optimize the
bone-formation process similar to the ossification process observed

PuraMatrix™ 0.15%

Fig. 4. PuraMatrix™ (PM) supports the differentiation of osteoblasts in 14d trunk neural crest cell (TNCC) cultures. The phenotypic analysis of
osteoblasts was performed in 14d cultures on PM at 0.15% and 0.25% submitted, or not, to mesenchymal differentiation media (MIDF). Frequency
of culture wells expressed as % of the total number of wells containing cells immunoreactive to SB5. White bars indicate cultures not treated with
MDF, and black bars indicate MDF-treated cultures (A). Data obtained from 12 culture wells of four independent experiments to 0.15% PM and from
7 culture wells of two independent experiments to 0.25% PM. All analysis by X* where *P<0.01; **P<0.001 and *** P<0.0001. Phase contrast image
revealing a cell aggregate at PM 0.15% (B) and the same cell aggregate analyzed through immunoreactivity to SB-5 (green) and to Chondroitin Sulfate
(CS, red) for detection of osteoblasts and chondrocytes, respectively. Cell nuclei were detected by staining with DAPI (in blue) (C). (Magnification B

and C: 400x). [ ] = concentration.



in vivo (Tenenbaum and Heersche, 1982). Both mediums were
supplemented with -glycerol phosphate. The rationale for using this
reagent is to supply the culture system with an additional source of
organic phosphate ions equivalentto that observed in physiological
conditions. The phosphate ions should be made available in places
where alkaline phosphatase is present, thereby reducing the pos-
sibility of non-specific mineral precipitation. The localization of the
mineral and the presence of a clear border between mineralized
and non-mineralized areas show that a controlled mineralization
processis operating within the system (Tenenbaum and Heersche,
1982). Mineralization of bone nodules occurs in two phases, an
initiation phase and a progression phase. -glycerol phosphate is
absolutely necessary at the initiation phase to trigger ALP activity.
ALP is essential to start the initiation, but not the progression of
mineralization (Bellows et al., 1991).

Our data shows that mineralization process occurred in cellular
aggregates with borders clearly distinguishable between the miner-
alized and non-mineralized areas. We can see in Figs. 5 E-F that
nodules ALP*were completely negative for Chondroitin Sulfate (CS)
immunostaining, showing the clear distinction between cartilage
and bone. Not surprisingly, ALP also colocalizes with alizarin red
staining in some regions of bone nodules (Fig. 5C, black arrows).
In cultures untreated with MDF, alcian blue staining persisted but
was very faint and discrete at the periphery of some alizarin red
stained nodules suggesting the possibility that chondrocytes can
transdifferentiate directly into osteoblasts, as already mentioned
(Fig. 5B, white arrow).

Although our study is the first to show that PM supports the
differentiation of osteoblast/osteocyte from embryonic NCCs, a
previous study had already detected this phenotype when fibro-
blasts derived from periodontal ligament, a tissue of NC origin,
were cultured at PM 1% and 0.5% concentrations. It is noted that
periodontal ligament fibroblast-like cells differentiate not only into
osteoblastic but also into vascular cell lineages. These data clearly
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show the existence/maintenance of a multipotent adult cell popula-
tion that constitutes an interesting source of stem cells; thus, PM
can be employed to allow the differentiation of NC phenotypes
rarely obtained using other kinds of substrates (Shirai et al., 2009).

In 2002, Anthony Graham and Imelda McGonnell were the first
to demonstrate the skeletogenic potential of TNCCs (McGonnell
and Graham, 2002). In the following year, Abzhanov and col-
leagues suggested that the ability of TNCCs cultures to adopt
chondrogenic fates may be due to the loss or downregulation of
HOX gene expression in a subset of cells (Abzhanov et al., 2003).
The skeletogenic ability of anterior-most CNCCs is well known to
be related to the absence of HOX gene expression. In this article,
we do not explore whether PM constitutes an environment that
promotes the downregulation of HOX genes in TNCCs. This is an
exciting possibility and the next steps of our research group should
be in this direction.

Although TNCCs are unable to originate skeletogenic phenotypes
in vivo in birds and mammals, evidence shows that the fossils of
extinct fishes that lived from 470 to 370 million years ago were
endowed with an ossified integument armor in which one of its con-
stitutive elements is the protein dentin, a marker for the NC origin
of calcified tissues (SMITH, 1991). The evidence of this ancestral
contribution of TNCCs to skeletogenic tissues can be detected in
extant animals. For example, Scott Gilbert’s group showed that the
turtle plastron bones originate from a late-emigrating NC popula-
tion derived from trunk TNC (Cebra-Thomas et al., 2013). More
recently, it has been demonstrated that TNCCs also give rise to
odontoblasts of trunk dermal denticles in a cartilaginous fish, the
little skate (Leucoraja erinacea) (Gillis et al., 2017). The data here
described reinforce the importance of these findings.

Considering that PM is an excellent environment to obtain skel-
etogenic cell types, we can conceive a scenario where physical
properties of this substrate, through mechanotransduction, can
elicit epigenetic processes controlling gene expression (like HOX

Fig. 5. PuraMatrix™ (PM)
supports the differentia-
tion of osteocytes in 21d
- trunk neural crest cell
(TNCC) cultures. TNCCs
cultures were performed
on PM 0.15% treated or
not with MDF from d7 to
d21. Frequency of wells
expressed as % of the total
number of wells containing
cell aggregates stained by
Alizarin Red (A) and Alkaline
Phosphatase(D) assessedat
d21. White bars indicate cul-
tures not treated with MDF,
and black bars indicate MDF-
treated cultures. For Alizarin
Red, the data were obtained
from 17 untreated MDF and
19 MDFtreated wells. For
Alkaline Phosphatase, data

Alizarin red/ ALP

were obtained from 23 untreated MDF and 22 MDFtreated wells. All data obtained from four independent experiments. All analysis performed by
X2 where *P<0.01; **P<0.001 and *** P<0.0001. Microscopic views of cell aggregates stained by Alizarin Red (red) and Alcian Blue (white arrow) in
untreated MIDF cultures (B) Alizarin Red (red) and Alkaline Phosphatase (black arrows) staining in MDFtreated cultures (C). Phase contrast microscopy
showing Alkaline Phosphatase-stained cell aggregates (dark violet indicated by white asterisks in E), around chondrocytes (round bright cells) assessed
by Chondroitin Sulfate (CS) immunolabeling (red in F). Cell nuclei were detected by staining with DAPI (in blue). Magnification: B-C,; E-F: 400x.
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downregulation), which allow dormant mesenchymal potentiali-
ties of TNCCs to emerge. Thus, PM can be useful to deepen the
knowledge of exciting developmental biology studies.

Moreover, the fact that different adult tissues contain a reservoir
of NCCs behaving as an embryonic structure allows us to imagine
endless possibilities of biotechnological approaches aimed at
tissue regeneration employing NCCs as the cellular source (for
a review see Dupin and Coelho-Aguiar, 2013; Gongalves Trentin
and Wosgrau Calloni, 2013). The right kind of cells employed for
tissue regeneration is just part of the equation when it comes to
tissue regeneration. Equally important is the scaffold to cultivate,
maintain and also transplant the cells to the site of injury. In this
sense, PM, together with all its derivations, whether “modified”
or “functionalized”, constitutes an excellent system for future
biotechnological approaches and studies related to stem cell
multipotentiality and differentiation.
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