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Abstract
Nickel boride is generally used in the steel industry as a melting accelerator due to its feature of creating a protective and stable
attribute at high temperatures. It is also used to improve the hardenability of the steel with boron addition in the production. Thus,
safety studies and biocompatibility analysis of nickel boride should be performed comprehensively to understand the limitations
of use in various areas. In the present study, nickel boride nanoparticles (Ni2BNPs) were synthesized by a single-step method and
molecule characterizations were performed via the use of X-ray diffraction analysis (XRD), transmission electron microscopy
(TEM), scanning electronmicroscopy (SEM), and energy dispersive X-ray (EDX) analyses. Cytotoxicity properties of Ni2B NPs
were identified on human pulmonary alveolar epithelial cells (HPAEpiC) by using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT), neutral red (NR), and lactate dehydrogenase (LDH) assays. Illumina human ht-12 v4.0 whole-
genome microarray analysis was conducted to investigate NiB2 NPs effects on gene expression regulations of HPAEpiC cells.
The database for annotation, visualization, and integrated discovery (DAVID) analysis was performed to reveal the relationship
between Ni2B NP application and cellular pathway alterations. According to cytotoxicity analysis, the IC50 value for Ni2B NP
application was found as 81.99 mg/L concentration.Microarray analysis of Ni2B NP application was shown for the first time that
693 gene expression changes (FC ≥ 2) occurred significantly over 40.000 gene probes and Ni2B NPs were observed to affect
microtubule regulation, centrosome organization, and phosphoprotein synthesis.
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Introduction

Nickel boride is generally used to increase the density of the
material and obtain good mechanical properties at lower tem-
peratures. Also, it is used as a sintering additive to provide
high-temperature resistance for metals [1]. TiC-based mate-
rials are generally used in hard metal cutting equipment be-
cause of their wear resistance, strength, and high hardness.
According to the previous study, integrating nickel boride
(NiB), a low melting point boride, into the TiC-Ni composites
led to densification and an increase in hardness and toughness
of the materials because of the pseudo-binary eutectic reaction
at lower temperatures [2]. NiB additions into stainless steel
sintering procedure were found to develop the mechanical
properties and increase relative density at 1280 °C at a signif-
icant rate. Moreover, tungsten-based alloys were investigated
to gain higher hardness and density values after the NiB ad-
dition at various quantities [3, 4]. Previous studies mainly
focused on nickel and boron-based superalloy productions
because of their superior wear resistance properties. Surface
structures of nickel/boron superalloys were claimed to depend
on production process variables like the boriding temperature,
boron source, and the exposure time that mainly give rise to
NiB and Ni2B molecules [5–7].

In the last decade, the rapid development of nanotechnol-
ogies influenced many different areas enormously due to the
enhanced physical, biological, and chemical properties of
nanoparticles mainly resulted from the particle integrity, sol-
ubility, and reactivity [8]. Nanomaterials attracted great atten-
tion of many fields because of their unusual properties gained
from the chemicophysical features that make them useful in
wide spectrum productions such as nanosomes, dendrimers,
metals, and inorganic compounds [9]. On the other hand,
nanoparticles were shown to have unlimited application po-
tentials for various industries, and increased chemical and
physical properties were shown to lead detrimental health
problems by enhancing reactive oxygen species (ROS) and
free radicals [10]. Although nanomaterial applications were
shown to have a huge impact in many production industries,
there were no safety analyses for these materials yet [11].
Thus, toxicological reports should be prepared for each
nanomaterial used in production industries to investigate their
genotoxic, cytotoxic, and toxicogenomic properties [12].

Cells can hastily modify their transcriptomic production
(gene expression pattern) in response to intracellular and ex-
tracellular environmental variations, and get adapted for their
function and survival. However, usual physiological activities
and biological functions can get disturbed under extreme en-
vironmental conditions. Thus, the gene expression profiling
has been demonstrated to be a supportive parameter for iden-
tifying the NP toxicity and its related molecular mechanism
[13–15]. Toxicogenomics, mainly including the hybridization
machineries, has been a favored choice for modern

toxicological studies. The enormous data productivity and
pathway-based information characterize toxicogenomics as a
prevailing approach, which has been utilized for over decades
for classifying a novel mechanism of toxicity, changes in im-
portant biological pathways [16]. Recent toxicogenomic stud-
ies on boron-based nanoparticles showed that little or no cy-
totoxicity was investigated but, enormous modifications in
gene expression patterns were observed that affect cellular
phenotypes greatly. Although previous toxicogenomic inves-
tigations on boron nitride (BN), boron carbide (B4C), and
tungsten boride (WB2) were shown to have no cytotoxic prop-
erties on human pulmonary alveolar epithelial cells
(HPAEpiC), these molecules altered hundreds of gene expres-
sions and changed pathway regulations remarkably [17–19].

In the present study, the single-step synthesis method was
used to produce nickel boride (Ni2B) nanoparticles. XRD,
TEM, SEM, and EDS analysis techniques were used to char-
acterize features of the synthesized molecules. Three different
toxicity tests (MTT, LDH, and NR) were conducted to ob-
serve cytotoxicity properties of Ni2B nanoparticles. Gene ex-
pression modifications were investigated via the use of micro-
array analysis after the application of the Ni2B nanoparticles at
IC50 concentration. Finally, DAVID functional annotation
software was utilized for observing differentially regulated
vital pathways.

Materials and Methods

Synthesis of Nickel Boride Nanoparticles

Nickel boride was synthesized by a single-step method via
dropping NiCl2 (Riedel-deHaen, 97%, 0.27 M) into NaBH4

(Alpha, 98%, 2 M) solution for 20 min until the reaction
reached the saturation. The first products were urgently fil-
tered and the compound was incubated under vacuum condi-
tion at 500 °C for 18 h. The reaction was terminated by
heating treatment in an iron tube at 800 °C for 7 days [20].

Molecular Characterizations of Nickel Boride
Nanoparticles

The crystal structure of Ni2B NPs was investigated via the use
of X-ray diffraction (XRD) measurement by using a Rigaku/
Smart Lab diffractometer at 40 kV and 30 mA with CuKα
radiation (λ = 0.154059 nm) operated at room temperature.
The particle size and surface morphology of Ni2B NPs were
observed with a scanning electron microscope (SEM, FEI
inspect S50) and transmission electron microscope (TEM,
JEOL JEM-ARM200CFEG). Finally, the chemical composi-
tion of Ni2B NPs was investigated via the use of energy-
dispersive X-ray spectroscopy (EDS, EDX).
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Cell Culture Conditions

In the study, human pulmonary alveolar epithelial cell
(HPAEpiC, Cat. #3200, ScienCell®, USA, California) cultures
were used to conduct toxicological and gene expression anal-
yses. For culture conditions, 500 mL of basal medium (alveolar
epithelial cell medium, AEpiCM, ScienCell®), including
10 mL of fetal bovine serum (FBS, Cat. #0010, ScienCell®,

USA, California), 5 mL of epithelial cell growth supplement,
and 5 mL of penicillin/streptomycin solution, was used.
HPAEpiC cultures were prepared in 48-well plates (104 cells
in each well) with AEpiCM and incubated in a humidified 5%
CO2 at 37 °C. Ni2B NPs were applied to the cell cultures at
wide spectrum concentrations (0.625, 1.25, 2.5, 5, 10, 20, 20,
80, 160, 320, 640, and 1280 mg/L) in triple replicates and
incubated for 72 h. As a positive control, hydrogen peroxide
(H2O2; 25 μM Sigma-Aldrich®) was used and cell cultures
without Ni2B NPs were investigated as a negative control.

Fig. 3 Transmission electron microscope (JEOL JEM-ARM200CFEG
UHR-TEM) image of nickel boride (Ni2B) NPsFig. 1 X-ray diffraction analysis (XRD) of nickel boride (Ni2B) NPs

(Rigaku/Smart Lab diffractometer with CuKα radiation (λ =
0.154059 nm) operated at 40 kV and 30 mA)

Fig. 2 Scanning electron
microscope (SEM. FEI inspect
S50) image of nickel boride
(Ni2B) NPs
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MTT Assay

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) solution (Thermo Fisher®, USA) was used to
analyze cell viability according to the manufacturer’s instruc-
tions. Briefly, MTT solutions were applied to the cell cultures
at 5 μM concentration and the cell cultures were incubated for
3 h at 37 °C. Culture mediums were discarded and 200 μL
dimethyl sulfoxide (DMSO) (Sigma-Aldrich®) was added to
each well for resolving formazan crystals which were pro-
duced by viable cells. A microplate reader (Bio-Tek
Instruments, USA) was used to evaluate color intensities at
570-nm wavelength.

LDH Assay

Lactate dehydrogenase cytotoxicity assay kit (Cayman
Chemical Company®, USA) was used to investigate the

cytotoxicity of the cell cultures. One hundred-microliter su-
pernatant was transferred to a fresh 96-well plate and 100 μL
of LDH reaction mixture was added to each well. Samples
were incubated for 30 min at room temperature. Finally, a
spectroscopic plate reader was used to observe color changes
in the samples at 490 nm.

Neutral Red Assay

Neutral red (NR) solution (Sigma-Aldrich®, USA) was ap-
plied to the cell cultures and incubated for 2 h at 37 °C. The
NR solution was discarded, and CaCl2 (0.25%) and formalde-
hyde (0.125%) mixture were used to wash cell cultures. A
mixture of acetic acid (1%) and ethanol (50%) was added to
the cell cultures and incubated at room temperature for 30 min
to get rid of the NR from the HPAEpiC cells. A microplate
reader was used to analyze color intensity of each sample at
540 nm [21].
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Fig. 4 Energy-dispersive X-ray
spectroscopy (EDX) results of
nickel boride (Ni2B) NPs
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Microarray Analysis

PureLink™ RNA Mini Kit (Invitrogene®, USA) was used to
isolate total RNA from the cell cultures. The UV-visible spec-
trophotometer (NanoDrop®, USA) and bio-analyzer (Agilent
Technologies, USA) were used to investigate the RNA qual-
ity. TargetAmp-Nano Labeling kit was conducted to amplify
the total RNA and Illumina Expression BeadChip
(EPICENTRE, Madison, USA) was used to biotinylate the
cRNAs. Labeled cRNA samples were hybridized with
Human HT-12 v4.0 Expression Beadchips (40,000 gene
probes, Illumina Inc., USA) for 17 h at 58 °C. Amersham
fluorolink streptavidin-Cy3 (GE Healthcare Bio-Sciences,
UK) was used to detect array signals (Illumina array Reader).

Data Analysis

GraphPad Prism 7, Anova: Dunnett’s multiple comparison
test was used for statistical calculations of all viability tests.
The data were analyzed via Anova: Dunnett’s multiple com-
parison test at a significance level of 0.05. The overall chip
performance and hybridization quality for the raw data were
investigated by visual inspection of the internal quality control
check. Illumina GenomeStudio v2011.1 (Gene Expression
Module v1.9.0) software was used to calculate the raw data.
Array data transformation into logarithm was conducted by

using the quantile method. Statistically, significance expres-
sion data were converted into fold change values. Gene en-
richment and functional annotation were analyzed by DAVID
(http://david.abcc.ncifcrf.gov/home.jsp) online software to
determine significant probes. Differentially expressed genes
were statistically calculated via the use of the R 3.1.2 (www.
r-project.org) program.

Results

Molecular Characterizations of Nickel Boride
Nanoparticles

X-ray diffraction (XRD) analysis was performed to investigate
the molecular structure of the synthesized molecule. According
to the results, the most dominant peak was obtained at 30° (2θ)
corresponding to Muller index of 110 which was correlated
nickel boride (Ni2B) with the literature by using Bragg’s reflec-
tion angle law (2θ) (Fig. 1) [20]. Also, scanning electron mi-
croscope images showed that nickel boride (Ni2B) dimensions
were varied from micro-sized to nanosized particle structures
(Fig. 2). Besides, it could be seen from the transmission elec-
tron microscope image of nickel boride (Ni2B) particles mostly
had nanolevel particle sizes (Fig. 3). Moreover, energy-
dispersive X-ray spectroscopy (EDX) analysis was conducted
to investigate atomic ratios (%) between boron (B) and nickel
(Ni) of nickel boride (Ni2B) NPs. The analysis showed that %
ratio between boron and nickel was%34.71 and%5.30, respec-
tively. These results gave us nearly 1:2 atomic ratio for B:Ni
and it was understood that the synthesized molecule mostly
consisted of Ni2B molecules (Fig. 4).

Cell Viability Analysis of Human Pulmonary Alveolar
Epithelial Cell Culture Against Nickel Boride
Nanoparticle Applications

MTT analysis put forth that a significant difference in cell
viability decrease started with 20 mg/L concentration. On
the other hand, two other cytotoxicity tests (LDH and NR
analysis) showed that significant inhibition in cell viability
induced at 80 mg/L concentration (Fig. 5). LDH and NR cy-
totoxicity test results were closer to each other than MTT cell
viability assay and according to this outcome, LDH and NR
assay result might be more reliable than theMTT calculations.
By using simple linear regression analysis in GraphPad Prism
version 7.0 software, a dose inhibition equation was obtained
as: Y = − 0.05180*X + 84.58 (Y = Concentration and X = Cell
viability). The IC50 value was calculated as 81.99 mg/mL
concentration by using the equation. As a result of this calcu-
lation, 81.99 mg/mL concentration of Ni2B NP application
was further used in microarray analysis to investigate gene
expression alterations in HPAEpiC cell culture.

Table 1 Differential expression values against nickel boride (Ni2B) NP
application

Nickel boride application
Fold change (FC) Values

Upregulated genes FC Downregulated genes FC

IGFBP3 22.96 GFM1 − 3.24
MT3 16.81 SDF2L1 − 3.19
TMEM145 16.22 CTPS − 3.14
EEF1A2 13.88 CDKN2B − 2.96
BEND5 10.53 CCL2 − 2.95
C7orf68 10.06 CDKN2B − 2.88
RNASE4 9.40 C12orf5 − 2.81
CAPN12 9.33 C1orf59 − 2.81
PPP1R3C 8.72 C1orf19 − 2.81
C4orf31 8.56 CRYAB − 2.78
HIST1H2BD 8.34 PTRH1 − 2.76
DPYSL4 8.17 GPD1L − 2.64
CAPN12 8.14 DIRAS3 − 2.63
RNASE4 7.68 CHRM2 − 2.60
TNFSF13B 7.61 HNRNPAB − 2.59
C4orf47 7.58 SNORA24 − 2.58
BHLHB3 7.14 RRS1 − 2.57
ANGPTL4 7.06 CYCSL1 − 2.57
JAM2 7.05 UBE2T − 2.56
IL6 7.05 AIFM1 − 2.54
TUBB2B 7.03 CASP1 − 2.54
RNF165 6.91 LTV1 − 2.53
LOC728537 6.90 CARD16 − 2.53
PLIN2 6.89 WDR69 − 2.49
C15orf48 6.64 MYPN − 2.48
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In Vitro Transcriptome Analysis of Nickel Boride
Nanoparticle Application

As a result of microarray analysis, it was revealed that there
were alterations in the expression levels of 693 genes (fold
change (FC) ≥ 2) in Ni2B NPs applied cell cultures. It was
observed that there was a significant increase in gene ex-
pression in 513 of these gene probes and a decrease in gene
expression in 192 gene probes. Table 1 lists the 50 genes
whose expression levels vary the most in HPAEpiC cell
culture treated with Ni2B NPs. IGFBP3 gene, where Ni2B
NPs upregulated the level of expression, is known to be one
an insulin-like growth factor [22]. EEF1A2 gene, which
increased expression level with Ni2B NP application, acts
as an elongation factor in translation and is thought to cause
metastasis in cancer cells [23]. Another side, the expression
level of the GPD1L gene decreased significantly compared
with the control group, and this gene has been reported to be
one of the most important factors that support or provide the
viability of tumor cells in throat scale carcinomas [24].
Besides, it has been noted that the GFM1 gene, whose ex-
pression level is reduced, is involved in oxidative phosphor-
ylation in mitochondria [25].

As a result of the DAVID analysis for Gene Ontology (the
GEOTERM_BP_FAT options), it was seen that Ni2B NPs
was mostly effective on oxygen level responses in cells, cell
cycle regulations, and responses to organic substances
(Fig. 6). Different gene pathways investigated in Gene
Ontology (the GEOTERM_CC_FAT options) such as re-
sponses in chromosomal regions, centrosome organization,
and microtubule regulation were also found to be affected
by Ni2B NP application (Fig. 7). Moreover, DAVID annota-
tion GO enrichment analysis for functional categories showed
that Ni2B NPs generally affected reactions such as nucleus
regulation and phosphoprotein synthesis in cells (Fig. 8).

Discussion

Nanoparticles were defined as small molecules having a size
under 100 nm and dimension-dependent enhanced physico-
chemical properties. With a high surface to volume propor-
tion, nanoparticles were known to gain higher physicochem-
ical dynamicity and reactivity. These enhanced features
attracted attention frommany fields from the medical industry
to cosmetics [26]. On the other hand, unique properties were

Fig. 6 DAVID annotation GO
enrichment analysis for Gene
Ontology (the GEOTERM_BP_
FAT options) from nickel boride
(Ni2B) NP application
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shown to come with potential health risks. Today, it became
possible to contact with any nanoparticle-based product in
daily life such as food additives, health products, and the au-
tomotive industry [27]. To avoid detrimental consequences
resulted from nanoparticle-related health problems, it was in-
evitable to constitute comprehensive safety reports and bio-
compatibility assays for nanoproducts to determine a potential
area of use for these molecules.

Nickel boride (Ni2B) generally used in steel production in-
dustries for increasing the hardness of metals. It could be un-
derstood that steel products are used in every aspect of life;
thus, it is possible to contact with any residues of Ni2B with
even nanoforms [28]. There was no adequate information about
Ni2BNP cytotoxicity in the literature, but it was mentioned that
inhalation of Ni2B may cause serious health problems [29].
Also, people whowork in industrial applications generally con-
tact with NPs via inhalation. Thus, the human pulmonary alve-
olar epithelial cells (HPAEpiC) were used to investigate the
toxicological properties of Ni2B NPs. In this study, physical,
cytotoxic, and toxicogenomic properties of Ni2B NPs were
investigated to understand possible toxicological consequences
for human health. Ni2B NPs were synthesized via the single-
step pressure method and the molecular properties of the NPs

were characterized by using XRD, SEM, TEM, and EDS tech-
niques. XRD analysis showed the dominant peak was observed
at 32° (2θ) which showed the synthesized molecule most prob-
ably Ni2B particles. In addition, the fact that the other peaks
were small except the dominant peak showed us that the mate-
rial was quite unidirectional. This was important because it was
a rather difficult growth powder crystals uniformed on any
substrate, such as thin or thick films. SEM analysis showed
the synthesized particles have various sizes including nanoscale
molecules. Also, it could be understood from the TEM analysis
most of the particles were composed of nanosized and under
20 nm. Moreover, the atomic percentage of the molecule was
analyzed via the use of the EDS technique which showed the
molecule consist of 2:1 ratio for Ni:B which was resulted in
Ni2B formulation.

According to the cytotoxicity analyses, %50 inhibitory con-
centration (IC50) for HPAEpiC cell culture against Ni2B NP
exposure was found 81.99 mg/mL concentration. This analysis
put forth that synthesized Ni2B NPs were not highly cytotoxic
molecules, but it was known that nontoxic compounds could
lead to irreversible health problems by regulating gene expres-
sion patterns as claims of previous studies [30–32]. IC50 con-
centration of Ni2B NPs was used to investigate gene expression

Fig. 7 DAVID annotation GO
enrichment analysis for Gene
Ontology (the GEOTERM_CC_
FAT options) from nickel boride
(Ni2B) NP application
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changes in HPAEpiC cells by using whole-genome microarray
(Illumina human ht-12 v4.0) analysis. Gene expression analysis
showed that a total of 693 genes were altered after Ni2B NP
application to the cell culture. From these gene probes, 501
upregulated and 192 downregulated gene expressions were de-
termined in HPAEpiC cell cultures.

When the upregulated gene expression profiles were exam-
ined, most prominent gene probes were found to belong
IGFBP3, MT3, and EEF1A2 genes. Previous studies claimed
that insulin-like growth factor binding protein 3 (IGFBP3) was
found to be related to cancer progress andmetastasis mediation.
It was shown that IGFBP3 protein levels were highly increased
in colorectal cancer cells compared with control groups and the
protein could be used as a biomarker for colorectal cancer
prognosis [33]. Also, in vitro transfection studies indicated that
IGFBP3 overexpression in A549 cell line enhanced invasion,
migration, and epithelial-mesenchymal transition [34]. Another
in vitro study analyzed that IGFBP3 knockdown inhibited

glioma cell proliferation inmouse intracranial xenograft models
via inducing apoptosis and enhancing cell cycle G2/M arrest
[35]. Moreover, overexpression analysis of metallothionein-3
(MT3) protein showed that the tumorigenesis and invasiveness
were increased in prostate cancer and breast cancer cell lines
[36]. Real-time reverse transcriptase-polymerase chain reaction
(RT-qPCR) assays revealed that hypoxia-induced MT3 gene
enhanced invasion and cell growth via inhibiting of
MASPIN, NDRG2, and NDRG1 expressions in bladder carci-
noma cells [37]. Also, eukaryotic elongation factor 1 alpha 2
(eEF1A2) was found to be a translation factor mainly expressed
in specific organs as skeletal muscle, heart, and nervous system.
It was analyzed that eEF1A2 protein expression related to tu-
morigenesis and poor prognosis in triple-negative breast can-
cers (TNBC) [38]. Clinical investigations of eEF1A2 also
shown to be related to cancer progression and it was proposed
to be used as a biomarker for risk-prediction in localized pros-
tate cancer (PCa) patients [39].

Fig. 8 DAVID annotation GO
enrichment analysis for functional
categories from nickel boride
(Ni2B) NP application
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Furthermore, microarray analysis showed that leading
downregulated gene expressions were found at GFM1,
SDF2L1, and CTPS gene probes in aspect to Ni2B NP
application. G elongation factor mitochondrial 1
(GFM1) was analyzed to be a translation factor that
have an important role in protein synthesis in mitochon-
dria. Patients with downregulated GFM1 expressions
were investigated to exhibit, reduced levels of oxidative
phosphorylation, mitochondrial translation, progressive
encephalopathy, and liver failure [25, 40]. According
to the studies, stromal cell-derived factor 2 like 1
(SDF2L1) protein was highly expressed in endoplasmic
reticulum (ER) stress conditions and shown to have an
important role in the inhibition of misfolded ER
cargoes. An in vivo study on diabetic mice analyzed
that downregulation of SDF2L1 gene resulted in fatty
liver and glucose intolerance [41, 42]. Cytidine 5′-tri-
phosphate synthase (CTPS) was claimed to be a poten-
tial target for treating neointima-related disorders. A
study on the mouse injury model showed that inhibition
of CTPS1 might be a selective vascular repair target by
preventing smooth muscle cell (SMC) proliferation and
enhancing re-reendothelialization [43].

Finally, DAVID annotation GO enrichment analysis
put forth that Ni2B NP application was related to vari-
ous gene pathways. Pathways that regulate response to
oxygen levels, cell cycle, and anti-apoptotic machinery
were found to modified by Ni2B NP exposure. Also,
microtubule, chromatin structures, and ER-related gene
families were investigated to differentially expressed ac-
cording to gene ontology analysis. Most importantly,
Ni2B NP application-related functional category annota-
tions were found to be affected phosphoprotein, DNA
replication, and nuclear regulations. All in all, the in-
vestigations were taken into account together it could be
concluded that although Ni2B NP application was not
shown to have high cytotoxic properties on HPAEpiC
cell line, improper use of the compound could affect
some of the important cellular pathways that might be
resulted in detrimental health problems such as cancer
progressions, ER, and mitochondria-related diseases. On
the other hand, further in vivo toxicology and histology
experiments must be performed to better understand
Ni2B NP safety conditions.
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