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Abstract
A novel composite material has been developed from natural rubber and leather waste, and a corresponding patent
has been filed. This new material may be incorporated into textile and footwear products. However, as leather waste
contains chromium, thebiocompatibility of this new material and its safety for use inhumansmust be investigated.The
aim of the present study was to investigate the presence of chromium in this new material, determine the amount of
each form of chromium present (trivalentor hexavalent), andevaluate thepotential cytotoxic and genotoxic effects of
the novel composite in two cell lines. The cellular viability was quantified using the MTT3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide reduction method and neutral red uptake assay, and genotoxic damage was ana-
lyzed using the comet assay. Our findings indicated that the extracts obtained from the composite were severely
cytotoxic to both cell lines tested, and additionally highly genotoxic to MRC-5 cells. These biological responses do
not appear to be attributable to the presence of chromium, as the trivalent form was predominantly found to be
present in the extracts, indicating that hexavalent chromium is not formed during the production of the novel
composite. The incorporation of this new material in applications that do not involve direct contact with the
human skin is thus indicated, and it is suggested that the chain of production of this material be studied in order
to improve its biocompatibility so that it may safely be used in the textile and footwear industries.

Keywords
Chromium, natural rubber, biocompatibility, cell line, leather

Introduction

Leather shavings are generated when the thickness

and fibrillar structure of leather are adjusted during

production. These shavings contain chromium from

the tanning process and constitute a large proportion

of the solid residues generated during leather produc-

tion (Gomes et al., 2010; Liu et al., 2016; Pati et al.,

2014). According to European Union’s Directive on

Integrated Pollution Prevention and Control (IPPC)

(2013), for each ton of leather produced, 225 kg of

tanned residue, including leather shavings, is gener-

ated, causing a major environmental impact. Several

methods are being developed to utilize the leather

shavings produced during industrial activities, with

minimal environmental impact (Pacheco, 2005;

Priebe et al, 2016). Accordingly, a composite has

been developed from a mixture of leather shavings

and natural rubber (NR) for use in activities such as

partitioning of wall, floors, shoe heels, and car bum-

pers. In addition to these applications, this composite

could be used to manufacture products for the textile

and footwear industries such as boots, gloves, and

bags.
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However, the new composite structure contains

chromium that originates from the leather shavings

utilized in its production (Cabeza et al., 1998;

Chaudhary and Pati, 2016). The trivalent form of

chromium is an important trace element for normal

physiological functions such as the regulation of

blood glucose levels (Abraham et al., 1992; Nielsen

2014). Trivalent chromium could be converted into

hexavalent chromium, which is more toxic than the

trivalent form and a potential carcinogen and irritant

to human skin (Saha et al., 2011; Young et al, 2015).

As the novel chromium-containing material is meant

for incorporation into textiles and footwear, it is

expected that it may come into direct contact with

human skin. Therefore, the potential effects of this

new material in humans must be assessed. Toxicity

tests using cell lines are important tools for assessing

the biocompatibility of a material, and it is possible to

perform an initial toxicity screening to determine

alterations that occur at the cellular level (Chiellini,

2006; Pizzoferrato et al., 1994; Swetha et al., 2015).

For the composite material in particular, it is of para-

mount importance to test for genotoxicity in addition

to performing cytotoxicity tests, as hexavalent chro-

mium causes DNA damage with potential carcino-

genic effects (Mishra and Bharagava, 2016; Nickens

et al., 2010).

Therefore, the aim of the present study was to

evaluate the in vitro cytotoxicity and genotoxicity

of the novel composite consisting of NR and leather

residues and determine whether this material may be

safely incorporated into textiles and footwear for

human use.

Materials and methods

Cell lines

The cell lines used in this study were CHO-K1

(Chinese hamster ovarian cells) and MRC-5 (human

fetal lung fibroblasts). Cells were cultured in 10 mL

Dulbecco’s Modified Eagle Medium/F10 (DMEM/

F10) (Sigma, Saint Louis, United States) supplemen-

ted with 10% fetal bovine serum in cell culture flasks

with 25-cm2 growth areas and maintained in an incu-

bator with 5% CO2 at 37�C.

Preparation of extracts

The present composite is a mixture of NR and solid

residues produced during leather tanning with chro-

mium (ReC). We examined three different propor-

tions of NR and ReC: for every 100 g NR, 40 g

(E40), 50 g (E50), or 60 g (E60) ReC was added.

The latex used to manufacture NR was collected

from rubber trees (Hevea brasiliensis RRIM 600

clone) and stabilized using ammonia. For the vulca-

nization of NR, we used activators (stearic acid, zinc

oxide, and 2-mercaptobenzimidazole zinc salt) and

vulcanization accelerators (sulfur, dibenzothiazyl

disulfide, and tetramethylthiuram disulfide). A hot

pressing method was used to prepare the NR/ReC

composites (Figure 1).

Liquid extracts of the composites (E40, E50, and

E60) were obtained following ASTM F619 (2014)

standards. The composite sample was crushed into

pieces, mixed with an extraction solution

(phosphate-buffered saline (PBS), pH 7.4) at a ratio

Figure 1. NR/leather waste composite: E40 (a), E50 (b), and E60 (c), obtained after adding vulcanization activators and
accelerators via a hot pressing method (Reis, 2010). NR: natural rubber.
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of 0.2 g/mL, and maintained under these conditions

for 24 h without agitation. Thereafter, the solid

pieces of composite material were removed, and the

liquid extracts were used in subsequent analyses. A

portion of the solution was set aside for quantifica-

tion of metal content via inductively coupled plasma

optical emission spectrometry (ICP-OES) and anal-

ysis by ultraviolet/visible (UV/Vis) spectrophotome-

try. The remainder was filtered, pH adjusted to 7.4

with sodium hydroxide (NaOH), and used to carry

out biological assays. This solution was considered

the undiluted extract (100%).

Characterization of extracts by ICP-OES

ICP-OES was used to quantify the following metals:

total chromium, hexavalent chromium, aluminum,

arsenic, barium, cadmium, lead, and copper. The sam-

ples were subjected to acid digestion using concen-

trated nitric acid followed by ICP-OES quantification

using an Optima 8000 ICP-OES spectrometer (Perkin-

Elmer, Waltham, United States).

Characterization of extracts by UV/Vis
spectrophotometry

The extracts were analyzed using a UV/Vis spectro-

photometer (UV-1800, Shimadzu, Kyoto, Japan) in

quartz cuvettes ranging from 200 nm to 1000 nm in

size with PBS as a reference (blank). As a double-beam

spectrophotometer was used, the absorbance spectra

for the extracts were obtained without any interference

from the absorbance of the reference solution.

Exposure protocol

For the MTT assay, the cells were seeded in a 24-well

plate at a density of 1.0� 105 cells per well. The cells

were exposed to 100 �L of various dilutions of E40,

E50, and E60 or to PBS as negative control (CTR) for

24 h. The dilutions (5, 10, 20, 40, 60, and 80%) were

obtained from undiluted extracts (100%) using PBS as

the diluent. An equal amount of culture medium

(100 �L) was added to each well. For the neutral red

uptake assay, the cells were seeded in a 24-well plate at

a density of 1.0 � 105 cells per well and incubated at

37�C for 24 h with 100�L PBS (CTR) or E40, E50, and

E60 extracts (100%). The same amount of culture

medium (100 �L) was added to all wells. For the alka-

line version of the comet assay, cells were seeded at a

density of 1.0 � 105 cells in cell culture flasks with

12.5-cm2 growth areas. Cells were treated for 24 h with

1 mL PBS (CTR) or E40, E50, and E60 (40%). A positive

control (PC) was also prepared using 1 mM methyl

methanesulfonate (MMS). The choice of dilution for

the comet assay was based on the recommendation

that doses decreasing cellular viability by more than

30% be avoided (Anderson et al., 1998; Henderson

et al., 1998; Klungsupya et al., 2015; Tice et al., 2000).

Cytotoxicity assays

The cytotoxic potential of extracts was assessed using

the MTT reduction method (Mosmann, 1983) and

neutral red uptake assay. For the MTT reduction

method, 0.3 mg/mL MTT solution was added after

an exposure period of 24 h, 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 absorbance of the CTR was considered to repre-

sent 100% cell viability (CV). The CV of the other

samples was determined using the following formula:

CVE ¼ [(AE � AB)/(ACTR � AB)] � 100, where

CVE ¼ CV of cells exposed to the extract, AE ¼
absorbance of cells exposed to the extract, ACTR ¼
absorbance of cells exposed to PBS, and AB ¼ absor-

bance of the blank (well containing culture medium

only). For the neutral red uptake assay, neutral red dye

(NRd) was added following experimental treatment,

and cells were incubated at 37�C for a further 3 h.

Following exposure to NRd, this solution was

replaced with 0.5% formaldehyde in 1% calcium

chloride for a maximum of 2 min. Subsequently, an

acidic ethanol solution (1% acetic acid in 50% etha-

nol) was added, and the contents of all wells were

homogenized after 15 min. The absorbance of each

sample at 550 nm was determined using UV/Vis spec-

troscopy, and the viability was calculated similarly to

that for the MTT reduction assay.

Comet assay

The levels of DNA damage in cells exposed to both

extracts were evaluated by the comet assay. Follow-

ing exposure to the extracts, 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. (1988)

with slight modifications. The samples were mixed

with low-melting-point agarose (0.5%) and divided

into two glass slides previously coated with a layer

of normal-melting-point agarose (1.5%), covered with
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coverslips, and incubated for 30 min at 4�C to solidify

the agarose. Thereafter, the slides were placed in lysis

solution (2.5 M NaCl; 100 mM Ethylenediamine tet-

raacetic acid (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

freshly prepared cold alkaline buffer (1 mM EDTA

and 300 mM NaOH, pH > 13). The slides were incu-

bated for 30 min to unwind DNA, and electrophoresis

was performed at 25 V and 300 mA for 20 min. There-

after, 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 40,6-Diamidine-

20-phenylindole dihydrochloride solution (1 mg/mL

DAPI in H2O) and visualized by fluorescence micro-

scopy. 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. (1995).

Statistical analysis

The results were compared by parametric analysis of

variance using the Student–Newman–Keuls method

or the nonparametric Kruskal–Wallis test, in accor-

dance with the distribution of the data (normality and

homogeneity of variance). A value of p < 0.05 was

considered significant, and the results were expressed

as mean + SD.

Results

Characterization of extracts

The quantification of metals by ICP-OES indicated

that the total amounts of chromium and aluminum

in the extracts were higher than those in the PBS

control; however, the concentration of barium was

higher only in the E60 extract than in the PBS control.

For both PBS and the extracts (except E50), the con-

centrations of arsenic, cadmium, lead, hexavalent

chromium, and copper were below the quantification

limits of the instrument, which are 0.008, 0.005,

0.008, 0.018, and 0.05 mg/L, respectively (Table 1).

Analysis of the extract absorption spectra by UV/

Vis spectrophotometry indicated an absorption band

between 300 nm and 350 nm in all three extracts;

however, its intensity was weakest for the E40 extract

(Figure 2).

CV based on the MTT assay

The results indicate that the viability of CHO-K1 cells

exposed to 5% and 10% dilutions of E40, E50, and

E60 extracts (Figure 3(a)) was not significantly dif-

ferent from that of the CTR. At dilutions greater than

20%, significant differences in viability were found

between cells exposed to the extracts and those

exposed to the CTR. Dilutions of 60, 80, and 100%
for the E40, E50, and E60 extracts were severely

cytotoxic. For MRC-5 cells (Figure 3(b)), there was

no statistically significant difference in the CV of

cells exposed to 5% dilution of both extracts and those

exposed to the CTR. At concentrations �10% for the

E40, E50, and E60 extracts, significant differences in

CV were found between cells exposed to extracts and

those exposed to the CTR. Cells exposed to dilutions

�60% exhibited higher mortality than that exhibited

by the cells exposed to the CTR.

CV based on neutral red uptake assay

The viabilities of the CHO-K1 and MRC-5 cell lines

upon exposure to the E40, E50, and E60 extracts were

significantly lower (less than 20%) than that for the

respective CTR (Figure 4).

Table 1. Quantification of the concentration of metals found in the extracts and PBS using ICP-OES.

Detection limit (mg/L) PBS (mg/L) E40 (mg/L) E50 (mg/L) E60 (mg/L)

Aluminum 0.029 <0.029 1.035a 1.361a 0.395a

Arsenic 0.008 <0.008 <0.008 <0.008 <0.008
Barium 0.008 0.009 0.009 0.011 0.020a

Cadmium 0.005 <0.005 <0.005 <0.005 <0.005
Lead 0.008 <0.008 <0.008 <0.008 <0.008
Copper 0.018 <0.018 <0.018 0.046a <0.018
Total chromium 0.010 <0.010 0.069a 0.087a 0.153a

Hexavalent chromium 0.050 <0.050 <0.050 <0.050 <0.050

PBS: phosphate-buffered saline; ICP-OES: inductively coupled plasma optical emission spectrometry.
aSignificant difference compared with control PBS.
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Comet assay

The results of the comet assay indicated that no DNA

damage had occurred in CHO-K1 cells exposed to

E40, E50, or E60 extracts (diluted to 40%) in com-

parison with the CTR. However, significant DNA

damage was found in MRC-5 cells exposed to E50

and E60 (both diluted to 40%) compared to that in the

cells exposed to the CTR. The 1 mM solution of MMS

(PC) was highly genotoxic, eliciting a significantly

greater degree of DNA damage than that caused by

the CTR (Figure 5).

Discussion

Among numerous methods available for evaluating

the cytotoxicity of materials, the MTT and neutral red

uptake assays have gained prominence because of

their simplicity, rapidity, cost-effectiveness, and

reproducibility. The MTT assay is used to assess

CV in terms of mitochondrial activity, whereas the

neutral red uptake assay measures the number of

viable cells based on their ability to retain dye in their

lysosomes (van Meerloo et al., 2011; Repetto et al.,

2008; Tong et al., 2016). In this study, both the MTT

and neutral red uptake assays indicated that extracts

(at a concentration of 100%) from all three versions of

the composite exert severe cytotoxic effects in both

CHO-K1 and MRC-5 cell lines.

As the undiluted extracts were highly cytotoxic to

both cell lines, cells were exposed to various dilutions

to determine the dilution of the extract for use in the

comet assay. The results of the comet assay indicated

that extracts prepared using all three versions of the

composite caused a greater degree of DNA damage in

the MRC-5 cell culture than that caused by the CTR;

however, this effect is not observed in the CHO-K1

cell line. The difference in genotoxicity between the

cell lines may be attributable to the cell type–specific

sensitivity to the genotoxic agent: The CHO-K1 cell

line, which comprises transformed cells, may be more

resilient than the MRC-5 cell line, which is obtained

by culturing normal fibroblasts (Genies et al., 2013;

Lu et al., 2013; Ponzinibbio et al., 2008).

To establish whether these findings were due to

chromium exposure, we analyzed the amount of chro-

mium in the three versions of the composite by using

ICP-OES. The results indicated the presence of chro-

mium in all the extracts, and the amount of chromium

present in the extracts was significantly higher than

that in the vehicle, suggesting that chromium is

released from the composite into the extraction

medium during extract preparation. Establishment of

the chromium oxidation state in the extract indicated

that any hexavalent chromium in the samples was

present at less than 0.05 mg/L. Therefore, the data

suggest that most of the chromium present in the

extract is in the trivalent form and that there was no

observable conversion of trivalent chromium to the

hexavalent state during the composite manufacturing

process. Trivalent chromium exhibits low cellular

penetration and is therefore considered to possess low

toxicity (Hininger et al., 2007; Shekhawat et al, 2015).

Accordingly, it may be inferred that the high cytotoxi-

city and genotoxicity of the composite extracts were

not related to either oxidized form of chromium.

As it is unlikely that the cytotoxic and genotoxic

effects of the extracts were attributable to chromium,

we further analyzed the composite to elucidate the rea-

sons for the biological responses observed in the

CHO-K1 and MRC-5 cell lines. Quantification of the

metal content by ICP-OES revealed that the amount of

aluminum in the various extracts was significantly

higher than that in the CTR. Reis (2010), the inventor

of the present composite, observed aluminum peaks in

Figure 2. Absorption spectra of extracts made by UV–Vis
spectrophotometry. Arrows indicate absorption band
found for different samples. UV–Vis: ultraviolet–visible.
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the NR spectrum using energy-dispersive X-ray spec-

troscopy (EDS) and inferred that this metal is derived

from other nonrubber constituents that may be found in

latex. The cytotoxic and genotoxic effects of aluminum

exposure on various biological systems have been

described previously (Djouina et al., 2016; D’Souza

et al., 2014; Garcı́a-Medina et al., 2011). It is therefore

possible that aluminum present in the extracts contrib-

uted to the genotoxic and cytotoxic effects observed

herein.

In addition to heavy metals, the activators and

accelerators used in vulcanization of the NR during

the composite manufacturing process must be consid-

ered. Indeed, several previous studies have attributed

the toxicity of materials produced from NR latex to

the compounds used for latex vulcanization (Campos

et al., 1999; Ingre-Khans et al., 2010; Lönnroth, 2005;

Roy et al., 2015). Using high-performance liquid

chromatography, Abraham et al. (2005) found that the

dithiocarbamate vulcanization accelerator was

released from the vulcanized material into the physio-

logically simulated medium. In the present report, a

UV/Vis absorption band between 300 nm and 350 nm

was detected, which indicates the presence of mole-

cular species in the extracts that were not present in

the extractor vessel (PBS). This suggests that at least

one compound from the composite was released into

the extractor vessel. However, analysis of this type of

Figure 3. Cell viability (%) of CHO-K1 and MRC-5 exposed to different extracts E40, E50, and E60 at the concentration
of 100% or only the culture medium (CTR) for 24 h, quantified by the neutral red uptake assay. *Significant difference
compared with CTR, which was considered 100% (p < 0.05).
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spectrum does not allow for precise identification of

specific substances in mixtures; a combination of

other methodologies is required to identify complex

mixtures (Milman, 2011). Reis (2010) noted the pres-

ence of crystal-like structures on the surface of all the

composites and performed EDS studies to conclude

that these structures represented atomic sulfur and

zinc oxide that had not reacted during the vulcaniza-

tion process. It is possible that these ‘‘crystals’’ on the

surface of the composite material were released into

the extract, thereby contributing toward the genotoxic

and cytotoxic effects observed in this study.

Based on the above data, we conclude that the

extracts obtained from all three versions of the com-

posite were severely cytotoxic to both cell lines tested

and highly genotoxic to the MRC-5 cells. These bio-

logical responses appear to be unrelated to the pres-

ence of chromium metal, as trivalent chromium was

Figure 5. DNA damage in CHO-K1 cells (a) and MRC-5 (b) exposed to different extracts E40, E50, and E60 at the
concentration of 40% or just to the culture medium (CTR) for 24 h. PC represents positive control. Comet assay images
were included (in different experimental conditions). The bars indicate the average and standard deviation of the vertical
lines. *Significant difference compared to the respective negative control (CTR; p � 0.05).

Figure 4. Cell viability (%) of CHO-K1 and MRC-5
exposed to different extracts E40, E50, and E60 at the
concentration of 100% or only the culture medium (CTR)
for 24 h, quantified by the neutral red uptake assay.
*Significant difference compared with CTR, which was
considered 100% (p < 0.05).
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found to be predominantly present in the extracts.

This further suggests that hexavalent chromium was

not formed during production of the composite. These

results support application of the novel composite

material for uses that do not involve direct contact

with the human skin. We further recommend that the

process of composite production be studied in detail

to develop a composite structure with improved bio-

compatibility that can be safely used by the textile and

footwear industries.
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