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Abstract A new composite has been developed from nat-
ural rubber and chrome-tanned leather waste for use in foot-
wear and textile industries. The contribution of this mate-
rial to environmental quality and sustained development
should be highligh because chrome tanned leather wastes,
a major environmental problem, can be recycled. However,
the safety of this new material for human use is question-
able, as it is already well reported in the literature that chro-
mium, particularly in its hexavalent oxidation state, can
be genotoxic and carcinogenic to living beings. Thus, the
aim of this study was to evaluate in vitro biocompatibility
of this composite material for possible use in the footwear
and textile industries, through cytotoxicity, cell adhesion,
and genotoxicity tests. Inductively coupled plasma opti-
cal emission spectrometry (ICP-OES) was used to meas-
ure both concentrations of total and hexavalent chromium.
Based on the findings, it was concluded that the compos-
ite exhibits low levels of cytotoxicity and genotoxicity, and
possesses favorable properties for initial cell adhesion. Fur-
thermore, it was verified that the composites released low
concentrations of chromium and that the predominant spe-
cies released would be trivalent chromium. The results of
the present study open the possibility of the incorporation
of solid residues of tanned leather into chromium without
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necessarily the chromium contained in these residues influ-
ences the toxicity and genotoxicity of this new material.

Keywords Chromium - Natural rubber - Leather -
Cytotoxicity - Genotoxicity - Cell line

Introduction

The leather manufacturing process generates a large
amount of chrome-tanned leather solid wastes (LW), which
are usually incinerated or discarded in landfills or inappro-
priate places. Inappropriate disposal may lead to contami-
nation of the environment and consequently affect living
organisms, including humans [1, 2]. Various methods of
treatment of these wastes have been described, and most
of them have been designed to remove the chromium inter-
calated in collagen fibers [3]. Another possible alternative
for reducing environmental impacts is the recycling of such
waste. This alternative is interesting because it could trans-
form waste into valuable resources through proper waste
management [4]. Several studies have investigated different
types of recycling to incorporate the LW into various mate-
rials, such as composites with potential applications in the
textile and footwear industry [5-7]. The idea of recycling
LW through its incorporation into new materials and prod-
ucts is suitable, as giving economic value to the waste also
contributes to environmental quality and sustainable devel-
opment and creates the possibility of reusing this waste,
which is a major environmental problem.

Following this tendency, a composite material was
developed from natural rubber (NR) and chrome-tanned
leather wastes (LW) with possible applications in the
footwear and textile industry, and prototypes of footwear
that could be created with this new composite have been
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developed with the aim of testing the viability of the mate-
rial (Fig. 1). This new material can be classified as a new
market trend: eco-friendly product, that is, a product has
contributed environmental impact reduction [8]. However,
the question arises as to the safe use of this new material
for human beings, since the LW used for the production
of the composite contains chromium traces and may be in
direct contact with human skin. It has already been well
reported in the literature that chromium, particularly in a
state of hexavalent oxidation, can be toxic, genotoxic, and
carcinogenic to living beings [9]. Moreover, the presence
of chrome in leather products has been associated with the
onset of allergy and contact dermatitis [10].

The isolated toxicity of many substances, such as chro-
mium, is already well known, but knowledge of the toxicity
of these substances as part of a product that comprises vari-
ous other substances is still very limited [11]. Typically,
organizations such as the Oeko-Tex 100, which provides
the highest textile certification system in Europe, evaluate
the toxicity of products through chemical tests to quantify
the permissible limits of dangerous substances in products
for human beings [12]. Although the toxicological moni-
toring of materials based on the concentration of chemical
components is extremely important, it is necessary to point
out that people come into contact with a lot of materials
that are made up of complex mixtures, not just individual

Fig. 1 Examples of products that can be made with the composite
produced from natural rubber and chromium tanned leather waste

substances. In these cases, cell-based assays could be
important tools for evaluating the potential toxicity of the
different combined substances [11]. Among in vitro bio-
compatibility tests, cytotoxicity tests are widely used and
recommended by ISO 10993-5 for evaluating the potential
toxicity of a material [13]. Genotoxicity tests in vitro are
also supported by ISO 10993-3 for assessing damage to
the genetic material of cells [14]. Another way to measure
the biocompatibility of a material is the assessment of cell
behavior on the material surface, such as cell adhesion [15].

Thus, since the proposed application of this new com-
posite obtained from natural rubber and chrome tanned
leather solid waste is to be incorporated into textile and
footwear applications and because it may be in direct con-
tact with human skin, the aim of this study was to evaluate
the biocompatibility of this new composite. For this pur-
pose, in vitro cytotoxicity, cell adhesion and genotoxic-
ity tests were made to estimate the safety of this material
and to assess the possible biological damage that this new
material could cause in human beings.

Experimental Section
The Studied Composite

The studied composite was prepared based on Santos et al.
[16]. This material comprises a mixture of Brazilian clear
crepe NR and LW in the proportion of 100 g of NR to 20 g
of LW. For NR vulcanization, activator reagents (stearic
acid and zinc oxide), a curing agent (sulfur), and accelera-
tor reagents (MBTS and TMTD) were used. A plasticizer
(polyethylene glycol) and antioxidant (2,2,4-trimethyl-
1,2-dihydroquinoline polymerized) were also used. To pro-
duce materials with different colorings, iron oxide and tita-
nium dioxide pigments were added, and a brownish (COF)
and a whitish (CDT) material were obtained, respectively
(Fig. 2). All reagents were mixed in a Banbury mixer cham-
ber, and the vulcanization process was done by autoclave.

Cell Line

The cell line used in this study was CHO-K1 (Chinese
hamster ovarian cells). Cells were cultured in 10 mL
DMEM/F10 supplemented with 10% fetal bovine serum in
cell culture flasks with a 25-cm? growth area maintained in
an incubator with 5% CO, at 37 °C.

Evaluation of the In Vitro Cytotoxicity
Evaluations of the in vitro cytotoxic potential of COF and

CDT composites were carried out using the extract dilu-
tion method and the direct contact method. For extract
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Fig. 2 Composite obtained
from natural rubber and chrome
tanned leather solid waste with
different colorings: a Brownish
(COF) and b whitish (CDT)

dilution method, liquid extracts of the composites (COF
and CDT) were obtained following ASTM F619 stand-
ards [17]. The composite sample was crushed into pieces,
mixed with an extraction solution (phosphate-buffered
saline [PBS], pH 7.4) at a ratio of 60 c¢m?/20 mL, and
maintained under these conditions for 24 h without agi-
tation. Thereafter, the solid pieces of composite mate-
rial were removed, and the liquid extract was filtered, pH
adjusted to 7.4 with NaOH, and used to carry out bio-
logical assays. For the characterization of liquid extracts,
ICP-OES was used to quantify the concentration of the
total chromium and hexavalent chromium. The sam-
ples were subjected to acid digestion using concentrated
nitric acid followed by ICP-OES quantification using
an Optima 8000 ICP-OES spectrometer (PerkinElmer).
After preparing the extracts, the cells were seeded in a
24-well plate at a density of 1.0x 103 cells per well. The
cells were exposed to 100 pL of extract of COF, CDF, or
PBS as a negative control (NC) for 24-48 h. An equal
amount of culture medium (100 pL) was added to each
well. After the exposure period, the cytotoxic potential of
extracts was assessed using the MTT reduction method
(Mosmann) [18]. For the MTT reduction method, 0.3 mg/
mL MTT solution was added and cells were incubated
at 37°C for an additional 4 h. Thereafter, the culture
medium was removed, and dimethyl sulfoxide (DMSO)
was added. The absorbance of each sample at 492 nm
was determined using a microplate reader. The absorb-
ance of the NC was considered to represent 100% cell
viability (CV). The CV of the other samples was deter-
mined using the following formula: CVE=[(AE — AB)/
(ANC - AB)]x 100, where CVE=the cell viability of
cells exposed to the extract, AE =the absorbance of cells
exposed to the extract, ANC =the absorbance of cells
exposed to PBS and AB =the absorbance of the blank
(well containing a culture medium only).

@ Springer

For the direct contact method was used 100 mm? square
pieces of COF and CDT composites that were sterilized
with ethylene oxide. The cell suspension was distributed in
a six-well plate at 37 °C for the formation of the cell mon-
olayer. Then, fragments of the composite or nontoxic fil-
ter fragments (NC) were placed on the center of the well
plate in contact with the cells for a period of 24-48 h. After
the exposure period, the cytotoxicity was evaluated by the
crystal violet dye method. The cytotoxicity tests were based
on macroscopic observations, which took into account the
size of the formed halo, which was measured with a cali-
per rule. The degree of cytotoxicity of a material was based
on the halo size, when no halo was detected, there was no
cytotoxicity (grade 0). Additionally, a sample limited halo
meant slight cytotoxicity (grade 1), a halo less than 0.5 cm
meant mild cytotoxicity (grade 2), a halo between 0.5 and
1 cm meant moderate cytotoxicity, and a halo greater than
1 cm meant severe cytotoxicity (grade 3) [13, 19].

Evaluation of Cell Adhesion

To study the interaction of cells with the surface of the
composite, cell adhesion tests were performed using two
different methodologies. In the first method (an adhe-
sion test quantified by MTT assay), composite fragments
or glass coverslips (NC) were placed into a 48-well plate,
covering the bottom of culture plate well. Then the cell
suspension in culture medium was seeded on the materials
and direct contact was established between the cells and the
materials, lasting 24—48 h. After the exposure period, the
culture medium was removed, and the wells were washed
with PBS to remove non-adherent cells. Then, the adhe-
sion of the cells was evaluated by MTT assay as previously
described in the cytotoxicity test using the extract dilu-
tion method. To carry out the second method (an adhesion
test quantified by scanning electron microscopy, or SEM),
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the exposure mode was similar to that described for the
first cell adhesion assay methodology. After the exposure
period, the samples were washed with PBS to remove non-
adherent cells and fixed with a 2.5% glutaraldehyde for 1 h.
Then, the samples were dehydrated sequentially with etha-
nol (30, 50, 70, 90, and 100%), dried at room temperature,
coated with a thin layer of gold, and examined by scanning
electron microscopy.

Evaluation of DNA Damage

For the evaluation of possible damage to the DNA of cells
exposed to the COF and CDT composites the alkaline ver-
sion of the comet assay was performed. For this, cells were
seeded at a density of 1.0x10° cells in a 12-well plate.
Cells were exposed to the same liquid extracts (1 mL) pre-
viously described or PBS (NC) for a period of 24 and 48 h.
An equal amount of culture medium (1 mL) was added to
each well. After the exposure period, the adherent cells
were trypsinized, and fetal bovine serum was added. The
resulting cell suspension was used to prepare slides for
the comet assay as described by Singh et al., with slight
modifications [20]. The samples were mixed with low-
melting-point agarose (0.5%) and divided into two glass
slides that had been previously coated with a layer of nor-
mal-melting-point agarose (1.5%), covered with coverslips,
and incubated for 30 min at 4°C to solidify the agarose.
Thereafter, the slides were placed in a lysis solution (2.5 M
NaCl, 100 mM EDTA, 10 mM Tris, 1% Triton X-100, and
10% DMSO) for 1 h. After the lysis step, all slides were
transferred to an electrophoresis tank containing a freshly
prepared cold alkaline buffer (1 mM EDTA and 300 mM
NaOH, pH> 13). The slides were incubated for 30 min to
unwind DNA, and electrophoresis was performed at 25 V
and 300 mA for 20 min. Thereafter, they were placed in a
neutralizing solution (0.4 M Tris, pH 7.5) and fixed with
absolute ethanol. The slides were then stained with DAPI
solution (1 mg/mL DAPI H,0) and visualized by fluores-
cence microscopy. One hundred cells were counted per
slide, and DNA damage was classified into four categories
according to the migration of DNA fragments, as described
by Kobayashi et al. [21].

Statistical Analysis

The results were compared by parametric analysis of vari-
ance (ANOVA) using the Student—-Newman—Keuls method
or the non-parametric Kruskal-Wallis test, in accordance
with the distribution of the data (normality and homogene-
ity of variance). p<0.05 was considered significant, and
the results were expressed as means + SD.

Results and Discussion

The majority of chromium found in leather waste is in
the trivalent oxidation state and bound to collagen fib-
ers. However, the presence of free chromium traces can-
not be ruled out [22]. It is known that the greatest dan-
ger to human health does not arise from the presence of
metals in textile products, but from the metals which can
be extracted from the product by transpiration and later
become more available to the cells [23, 24]. According
to Oeko-Tex standards, the most important certification
system for textile products in Europe, the maximum chro-
mium levels allowed in textile products is dependent on
the product type. For children’s products, the permitted
maximum extractable limit is 1 mg of total chromium per
kg of product. For products with or without direct skin
contact, the permitted maximum extractable limit is 2 mg
of chromium per kg of product. Furthermore, hexavalent
chromium should not be present in the final textile prod-
uct [12]. In contrast, the international standards organi-
zation (ISO 17075:2007) permits a maximum extract-
able level of 3 ppm hexavalent chromium [13]. From the
ICP-OES results obtained in this study, it was possible to
ascertain that the amount of released total chromium was
low; furthermore, if hexavalent chromium was present in
both extracts, the concentration was below the detection
limit of the measurement equipment, which was 50 ug/L
(Table 1). Thus, it was possible to infer that the major-
ity of the total chromium present in the extracts was in
the trivalent oxidation state. Hedberg et al. [25] also
observed that for Cr (VI) extracts obtained from leather,
the concentration was below the detection limit of the
equipment and Cr (III) was by far the predominantly
released species in synthetic sweat. When comparing the
concentrations of the total chromium and released hexa-
valent chromium from both composites with international
standards, such as Oeko-Tex and EN ISO TS 17075, the
concentrations of chromium released from both compos-
ites should not exceeded the permitted values [12, 26].

Table 1 Quantification of the concentration of total chromium and
hexavalent chromium found in the extracts (mg/L) using ICP-OES
(N'=3) and their respective values in the unit mg/kg composite

mg/L extract l’l’lg/ Kg composite
Total Hexavalente Total chromium
chromium? chromium®
COF 0.064 +0.007 <0.050 0.19+0.02
CDT 0.065+0.02 <0.050 0.16+0.03

Detection limit
#Total Chromium: 0.010 mg/L
®Hexavalente Chromium: 0.050 mg/L
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The low amount of total chromium released from the
composites into the extraction media may be related to
the fact that natural rubber is used as a template in the
production of composite covers for leather fibers, which
prevents solubilization of the available chromium [16].
It is important to note that the samples of the compos-
ites used for the preparation of the extraction media were
freshly prepared; it is known that parameters relevant to
occupational exposure, such as repeated exposure, wear,
alkaline solutions, sequential wet and dry exposures,
and aging, may influence the amount of total chromium
released from the materials [27].

In the present study, the results obtained from the
MTT assay using the extract dilution method showed that
the extracts obtained from the COF and CDT composites
did not affect the viability of CHO-K1 cells in any of the
experimental tests (Fig. 3). The results of the direct contact
test indicated the extensions of the halo formed between

the material and the cells were significantly higher for
both COF and CDT compared with the NC in both experi-
mental periods (Fig. 4). Classification of the halo size
formed indicated that both tested composites have a reac-
tivity degree of two: they produce slight toxicity in cells
directly exposed to the material. In order for a material to
be considered a cytotoxic agent, it must have a cytotoxic-
ity degree higher than two, i.e., the material induces the
formation of a halo greater than 0.5 cm [13, 19].We must
consider that both composites studied are formed from
not only chromium, but a variety of chemical substances,
such as the reagents used for vulcanization and pigments
(iron oxide and titanium dioxide), which could also be
toxic to cells if released. Therefore, in vitro toxicity tests
have proven to be an extremely valuable tool, as it is pos-
sible to obtain information about the toxicity of the prod-
uct as a whole [11].These tests are even more valuable for
products composed of materials with unknown chemical

Fig. 3 Cell Viability (%) of 125
CHO-K1 exposed to differ-
ent extracts (COF or CDT) or —~
only the culture medium (NC) § 100 -
for 24 and 48 h, quantified the >
MTT assay. The horizontal =
lines represent the mean and o) 75 -
vertical lines represent standard S
deviation 2
© 50 -
=
©
O 25 N
0
Fig. 4 Halo extension formed 4.5

between CHO-k1 cells and
fragments (COF or CDT) after
exposure of 24 and 48 h. The
horizontal lines represent the
mean and vertical lines repre-
sent standard deviation. Asterisk
Indicates significant difference
compared to the respective
negative control (NC) (p <0.05)
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residues, as they allow for the assessment of the gen-
eral toxicity of the material. This study focused only on
chromium and we determined that chromium metal was
released from the composites predominantly in the trivalent
form, but the concentrations released were not sufficient to
cause a significant change in the viability of the exposed
cells. Generally, hexavalent chromium is much more toxic
than trivalent chromium to biological systems, owing to
the low ability of the Cr (III) ion ability to penetrate cell
membranes. However, studies have shown that the toxicity
of trivalent chromium is dependent on certain conditions,
such as high concentration, long exposure times, and the
type of connecting ligands, which may facilitate the entry
of trivalent chromium into cells [28]. In the present study,
the absence of cytotoxicity at the concentrations of chro-
mium extracted from both composites (64 and 65 ug/L)
may be related to the concentration of trivalent chromium
released, as well as the short exposure time tested (24 and
48 h). Other similar studies have also found no influence
on the viability of cells exposed to trivalent chromium at
similar or higher doses than those used in the present study
[29, 30]. Current research by Novotnik et al. [31] indicated
that concentrations of 40-25,000 pg/L trivalent chromium
and 40-200 pg/L hexavalent chromium were not cytotoxic
to the HepG2 cell line after a 24-h exposure period. There-
fore, based on our results, we inferred that both composites
showed no cytotoxic effects on the cell line tested.

In addition to the cytotoxicity assays, we assessed the
adhesion behavior of CHO-K1 cells to the surface of the
COF and CDT composites. The MTT-quantified adhesion
test reports the number of cells that adheres to the compos-
ite and remains viable. The SEM-quantified adhesion test
offers insight into the location and morphology of adher-
ent cells [32].The results of the MTT-quantified adhesion
test quantified showed a significant decrease in the number
of viable cells that were exposed directly to the COF and

CDT composites compared with the NC in both experi-
mental periods (Fig. 5). This indicated that the surface ini-
tially found by the cells did not favor adherence. The inter-
action between cells and artificial materials is governed
by the physical and chemical properties of the surface of
the material [33]. One such property, which may highly
influence the adhesion behavior, is material topography
[34]. It is known that surface roughness of a material can
influence cell adherence, morphology, and proliferation
[35]. Observation of the surface of both composites under
SEM showed that it was possible to verify that both the
COF and CDT composites featured surfaces with grooves,
small protrusions, and recesses (Fig. 6¢, e). These features
can be classified on an irregularity scale for materials with
surfaces exhibiting microroughness [36]. From the classi-
fication, we inferred that the irregularities present in both
composites hindered the attachment of cells on the mate-
rial. Deng et al. showed that the presence of surface rough-
ness was an essential prerequisite to cell adhesion. How-
ever, up to a certain degree, higher levels of roughness may
not favor cell adhesion [37]. SEM analysis also showed that
adherent cells were preferably located in regions exhibit-
ing protrusions and indentations, which indicated that the
material possessed certain regions with more favorable
adhesion properties than others (Fig. 6d, f).

As described in the present work, Rea et al. [38] also
evaluated a composite and identified higher cell attach-
ment to the protrusions and grooves on the surface of
the material. In addition to the adhesion to the specific
regions of the material, it was possible to observe, by
using SEM, that cells attached to the surface of both com-
posites had a rounded morphology (Fig. 6d, f), while cells
attached to glass slides were stretched after a 48-h expo-
sure period (Fig. 6a, b). Lee et al. [39] also observed cells
with spherical morphology on the surfaces of membranes
with increased roughness after 2 days. From these results,

Fig. 5 Cell viability of cells 120 -
attached on glass slide or
fragments (COF or CDT), 100 - T T
quantified by the MTT assay. —_ 1 1
The horizontal lines represent §
the mean and vertical lines > 80 -
. . o
represent standard deviation. =
Asterisk Indicates significant <
: J 60 A
difference compared to the =
respective negative control (NC) 5 %k % *
(p<0.05) S 40 |
T
© 20
0 T
24h 48 h

ONC OCOF mCDT
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Fig. 6 SEM images of adherent cells: a and b glass coverslips; d COF fragment; f CDT fragment; ¢ and e surface morphologies obtained for

COF fragment and CDT fragment, respectively

we therefore inferred that the surfaces of both composites
have regions with favorable properties for cell initial adhe-
sion, but more studies are needed to evaluate the behavior
of these cells over longer exposure periods.

A comet assay was performed to examine if the com-
posites in the study could damage the DNA of exposed
cells. The comet assay is a widely-used tool to assess DNA
damage in different systems, particularly in human cells
[40—42]. Several studies have already used the comet assay
to assess the genotoxicity of various types of composites
[43—-45]. In the scientific literature, this is the second study

@ Springer

that assesses the genotoxicity of composites containing
chrome-tanned leather wastes; the first study was performed
by our research group (Cavalcante et al.) [46], where it was
determined that the cytotoxic and genotoxic effects were
related to the reagents used during the vulcanization pro-
cess and not to the presence of chromium. In the present
study, the comet assay did not show significant differences
in the levels of DNA damage in the cells exposed to COF
and CDT extracts compared with the NC in either of the
experimental periods (Fig. 7). These results reinforced the
inference that the majority of the total chromium present in
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Fig. 7 DNA damage scores in 60 -
CHO-K1 cells exposed to dif-
ferent extracts (COF or CDT) or
only the culture medium (NC) 50 -
for 24 and 48 h, quantified by < -l-
Comet assay Z 40 - I

0o

>

S 30 -

5

D 20 T

10 A
0

the extracts was in the trivalent oxidation state. Hexavalent
chromium is well-known for its genotoxic and carcinogenic
effects in human cells [47]. It has been reported that triva-
lent chromium, at high concentrations, can damages DNA
molecules, sister-chromatid exchange, and the appearance
of the micronucleus [48]. Consequently, we inferred that
the absence of in vitro genotoxic effects found in this study
resulted from the low concentrations of trivalent chromium
available to cross the cellular membrane and interact with
DNA molecules.

Conclusion

Our findings indicated that the composites obtained from
chrome tanned leather wastes showed low cytotoxicity and
genotoxicity for the evaluated in vitro test system. In addi-
tion, we deduced that the surface of both composites pos-
sessed regions with variability in the favorable properties
for initial cellular adhesion. Furthermore, it was verified
that the composites released low concentrations of chro-
mium and that the predominant species released would be
trivalent chromium. The initial screening of the in vitro
toxicity and genotoxicity of these new composites sug-
gested that the new materials can be used in the next gen-
eration of products in the textile and footwear industries.
The results of the present study presented the possibility
of the incorporation of solid residues of tanned leather
into chromium without the chromium contained in these
residues necessarily influencing the toxicity and genotox-
icity of this new material. Consequently, we highlight the
potential contribution of this research to the improvement
of environmental quality and sustainable development,
as it is has demonstrated the possibility of recycling solid
waste from leather tanned in chromium, which is a major

24h
ONC OCOF mCDT

48h

environmental problem. Finally, it should be noted that the
in vitro cell assays proved to be an important tool for the
evaluation of the cytotoxicity and genotoxicity of products
intended for the consumer market.
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Glossary

MBTS  2,2'-dithiobis (benzothiazole)

TMTD  Tetramethyl thiuram disulfide

ICP-OES Inductively coupled plasma optical emission
spectrometry

MTT 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetra-
zolium Bromide

EDTA  Ethylenediamine tetraacetic acid

DAPI 4',6-diamidino-2-phenylindole
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