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Abstract

Over the last few years, the use of nanomaterials in the construction industry has grown prominently. Nanomaterials can
considerably modify the properties of construction materials and even improve their performance. Despite their merits, considerable
research has reported that nanomaterials pose a potential risk to human health. For this reason, it is important to fully comprehend
the effects of nanomaterials on human health and the environment throughout all phases of their life cycle, including manufacturing,
construction use, and recycling, in order to ensure their responsible usage. This research reviews the use of nanomaterials to enhance
the properties of conventional construction materials as well as the possible adverse exposure scenarios for humans and the
environment. Moreover, the potential risks and negative biological effects of these materials on human health are debated. This
study serves to raise awareness of the potential hazards of nanomaterials, especially on human health and the environment.
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1. Introduction

Nanomaterials have been defined as
materials with at least one dimension in the range of
1-100 nm (Ju-Nam and Lead, 2008). In October 2011,
the European Commission provided the following
extended definition: ‘“a natural, incidental or
manufactured material containing particles in an
unbound state, or as an aggregate, or as an
agglomerate; and where, for 50% or more of the
particles in the number size distribution, one or more
external dimensions is in the size range of 1 nm to 100
nm. In specific cases and where warranted by
concerns, for the environment, health, safety or
competitiveness the number size distribution threshold
of 50% may be replaced by a threshold between 1 and
50%” (Diaz-Soler et al., 2016). Today, nanomaterials
have become one of the most powerful innovation

engines (Aguar-Fernandez and Hullmann, 2007;
Zweck et al., 2008), enhancing a variety of services
and products with widespread applications across
multiple scientific fields (Sharma et al., 2015), such as
biology (Sarikaya et al., 2003), physics (Pearce,
2012), chemistry (Whitesides, 2005), materials
science (Gao et al., 2018; Shimomura and Sawadaishi,
2001), cement-based materials for construction and
waste immobilization (Aguiar et al., 2017; Saleh et al.,
2018; Saleh et al., 2019), pharmaceutical (Putheti et
al., 2008), cosmetics (Singh and Nanda, 2012), and
engineering (Arico et al., 2005; Dai, 2006; Schmid and
Riediker, 2008). However, the possible adverse health
and environmental effects of nanomaterials are still
ambiguous (Yokel and MacPhail, 2011) because of
their novel properties (Beaudrie et al., 2015).
However, an accidental or incidental release of
nanomaterials can pose certain risks to human health
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and the environment, such as fibrosis, cytotoxicity,
and carcinogenicity (Bergamaschi et al.,, 2015;
Hallock et al., 2009; Schimpel et al., 2017
Subramanian et al., 2016; Van Broekhuizen et al.,
2011; Yokel and MacPhail, 2011).

Current state-of-the-art research into the
potential hazards and occupational safety of
nanomaterials is still based on a limited but growing
toxicological database (Kuempel et al., 2012, Jones et
al., 2017); hence, a research-to-practice approach is
currently used to evaluate and minimize the potential
hazards. Due to uncertainties such as insufficient
quantitative clinical data and inadequate labeling of
products containing nanomaterials, conventional risk
assessment frameworks have failed to estimate the risk
of exposure to nanomaterials (Justo-Hanani and
Dayan, 2015) leading to ambiguous qualitative risk
estimates (Bergamaschi et al., 2015). The lack of a
standardized framework poses a significant challenge
to evaluating and interpreting the continuously
accumulating research finding, which hinders the
delivery of practical guidance and action and could
result in the failure to support timely regulatory
decision (Bergamaschi et al., 2015; Kuempel et al.,
2012; Lee et al., 2010). For example, workers will
employ different levels of protection depending on the
health effects data available for a specific substance
and the extent to which exposure controls are
implemented (Kuempel et al., 2012).

Nanomaterials have been identified as a Key
Enabling Technology. It has been predicted that half
of all construction products will contain nanomaterials
by the year 2025 (Jones et al., 2017). Nonetheless,
several historical examples have demonstrated the
unforeseen negative impacts of initially promising
technologies on the environment or human health.
One such example is that of thalidomide, which was
used for the treatment of nausea (morning sickness) in
pregnant women, but was later found to be the cause
of birth defects (malformed limbs) in thousands of
children (Kim and Scialli, 2011). Furthermore,
nanomaterials are regarded as reactive materials
because of their high surface area to volume ratio.
Consequently, a number of biological and chemical
transformations may occur within these materials at a
construction site, such as redox reactions, bioreaction,
dissolution, and aggregation (Al-Bayati and Al-
Zubaidi, 2018). Therefore, it is vital to identify the
potential adverse impacts of nanomaterials in the
construction industry to biological systems such as
human health and the environment then perform risk
assessments to mitigate the identified potential
impacts.

This study aims to raise awareness of the
potential risks of nanomaterials on human health and
the environment. A state-of-the-art overview of the
applications of nanomaterials in the construction
industry, as well as the potential risks and adverse
biological effects of nanomaterials on human health
and the environment, is presented. This paper is
divided into four main sections. In the first section, the
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most common nanomaterials used in the construction
industry are described according to their application.
The  potential  environmental  impacts  of
nanomaterials, as well as possible exposure scenarios,
are discussed in the second section. Risk management
of the potential exposure to nanomaterials is discussed
in the third section. Finally, the potential risks of
nanomaterials to human health and their adverse
biological effects are debated in the last section.

2. Application of nanomaterials in the construction
industry

The construction industry, as a high-volume
consumer of materials, has significant potential for
nanomaterial applications (Ge and Gao, 2008; Hanus
and Harris, 2013). Over the last couple of decades,
numerous nanomaterial applications have been
developed for the construction industry in order to
enhance material performance such as improved
durability (Pacheco-Torgal and Jalali, 2011), strength
(Chuah et al., 2014), energy efficiency (Arico et al.,
2005), and ease of maintenance (Chen and Poon,
2009). The Centre for Construction Research and
Training (CPWR) identified approximately 600
construction products in the USA that might contain
nanomaterials (http://nano.elcosh.org).

These recent applications of nanomaterials
have been developed for cement and concrete
(Jayapalan et al., 2009; Saleh et al., 2018; Saleh et al.,
2019), steel (Wang and Li, 2003), insulation materials
(Baetens et al., 2011), paints (Hochmannova and
Vytrasova, 2010), coatings (Makhlouf and Tiginyanu,
2011), and glass (Lin et al., 2013a; Yaghoubi et al.,
2010). Another application known as Smog-Busting
pavement has also been developed (Shen et al., 2012)
but is not yet widely used (Bartos, 2014).

Nanomaterials are used to increase concrete
elasticity and mechanical integrity, decrease the
weight of concrete, reduce porosity, enhance material
fire resistance, and decrease building energy
consumption by enhancing the performance of
insulation materials. However, inadequate labeling of
construction products makes it difficult to identify the
exact nanomaterial contained in each product. In
addition, it is a widespread marketing strategy to use
the term of “nano” in the product name without any
conspicuous properties to suggest nano-enablement
(Jones et al., 2017). For these reasons, it is not easy to
obtain detailed information about the products; this
lack of published data has been corroborated by a
number of researchers (Jones et al., 2017; West et al.,
2016).

Nanoparticles can be applied in construction
materials to improve cementitious material properties,
decrease thermal transfer rate, and reduce coating
maintenance costs. A number of these applications are
shown in Fig. 1. According to previous research, the
most common nanoparticles used in the construction
industry are detailed below and summarized in Table
1.
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Fig. 1. Nanomaterial applications in the construction industry. (A) Concrete pavement with carbon nanofibers, (B) Steel structure
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with copper nanoparticles, (C) Window coated with TiO2 nanoparticles, and (D) Photovoltaic solar panel with arrays of

silicon/TiO2 nanowires (Lee et al., 2010).

Table 1. Commonly used nanomaterials in the construction industry and their applications

Construction .
material Nanoparticle Expected benefit References
. . Lo (Van Broekhuizen et al., 2011;
Si02 Corrosion reduction; improved strength Saleh et al., 2018)
g L (Raki et al., 2010; Van
TiO2 gﬁ:;&i/ﬁr ation; self-cleaning; increased Broekhuizen et al., 2011; Saleh et
Concrete Y al., 2019)
FeaOs Abra51on-.res1stance; improved (Raki et al. 2010)
compressive strength
CNTs Crack prevention; increased durability (zgf(?)nd Gao, 2008; Raki et al,
SiO2 Coolant; light transmission; fire resistance (Lee et al., 2010)
Ceramic CNTs Improvgd thermal and mechanical (Luo et al., 2004)
properties
Sio Antireflection glass; fire protection; self- (Mann, 2006; Rana et al., 2009;
§ cleaning Van Broekhuizen et al., 2011)
Glass ae . . (Irie et al., 2004; Kontos et al.,
TiO2 rs(;?:t:::z]:mp hilicity; anti-fogging; fouling 2007; Van Broekhuizen et al.,
’ 2011; Zhu et al., 2004)
. . (Jones et al., 2017; Van
Conti SiO2 Self-cleaning; fire retardant Broekhuizen et al.. 2011)
oating TiO> Self-cleaning; hydrophobic properties (Van Broekhuizen et al., 2011)
Ag Biocidal activity (Kumar et al., 2008)
Steel Cu Weldab.llnlty; corrosion resistance; (Ge and Gao, 2008)
formability
Solar cell TiO2 Non-utility electricity generation (Zhu et al., 2004)
olar ce CNTs Effective electron mediation (Zhang et al., 2006)

2.1. Nano-silica (nano-SiO;)

Nano-silica has been proven effective for
increasing the compressive strength of concrete at an
early age, thereby improving concrete workability and
durability (Li et al., 2004; Sobolev et al., 2009; Saleh
et al, 2018) and increasing resistance to water

penetration (Ji, 2005). Moreover, nano-silica hastens
the hydration reaction of both tricalcium silicate and
ash cement mortar (Ji, 2005; Jo et al., 2007; Li et al.,
2006a) and controls the leaching of calcium in water
(Spitzmiller et al., 2013). In addition, nano-silica
improves the strength of concrete more efficiently
than micro-silica (Jo et al.,2007; Li et al., 2004;
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Sobolev et al., 2009). Some research has stated that
nano-silica acts as an activator to boost pozzolanic
reactions and as a filler to improve the microstructure
(Jo et al., 2007). Nano-silica can also improve the
segregation resistance of self-compacting concrete
(Bigley and Greenwood, 2003).

Glass coated with nano-silica can be used as
fireproof windows in buildings and as antireflection
glass to reduce building energy consumption by
controlling exterior light (Rana et al., 2009).
Moreover, nano-silica can be used as a coating
material to make tile, stone, and wood surfaces
resistant to water, corrosion, and scratching
(Caldarelli et al., 2015; Kumar et al., 2015; Nakajima
et al., 2014; Wang et al., 2015).

2.2. Nano-titania (nano-TiO>)

Nano-titania is very effective for self-cleaning
and depolluting concrete (Sanchez and Sobolev,
2010). Concrete containing nano-titania generates a
photocatalytic degradation of pollutants and aldehydes
(Chen and Poon, 2009). Nano-titania is also spread
onto surfaces and through their volume incorporation
into asphalt mixtures with tailored photocatalytic
properties. Utilizing nano-titania can also significantly
decrease the maintenance costs of high-rise building
fagades due to its self-cleaning properties (Carneiro et
al., 2013). A self-cleaning glass based on nano-titania
cleans itself easily. The photocatalytic process
disintegrates organic dirt on the glass with ultraviolet
light and makes the glass superhydrophilic through a
powerful catalytic reaction. Subsequently, water
washes away the dirt (Arafa and DeFazio, 2006)
leaving no streaks because the water spreads evenly on
the superhydrophilic surface (Cannavale et al., 2010;
Chen and Poon, 2009; Drelich et al., 2011). Nano-
titania is photoactivated by ultraviolet light to yield
reactive oxygen species, which effectively remove dirt
and bacterial films from any surfaces such as walls,
pavements, roofs, and glass (Irie et al., 2004).
However, a small amount of silver added to the nano-
titania can improve its antibacterial effects without
ultraviolet  light irradiation (Boostani and
Modirrousta, 2016). As well as its self-cleaning
properties, a number of studies have illustrated that
nano-titania can boost the Portland cement hydration
process (Jayapalan et al., 2009), improve concrete
abrasion resistance, and increase the flexural and
compressive strength of concrete (Li et al., 2006a; Li
et al., 2007b).

2.3. Nano-ferric oxide (nano-Fe;03)

Nano-ferric oxide has been claimed to provide
concrete with self-sensing capabilities and enhance its
flexural and compressive strength (Li et al., 2004).
Moreover, cement mortar with nano-ferric oxide can
determine its own compressive stress due to changes
in its volume electric resistance with an applied load
(Sanchez and Sobolev, 2010). This potential is
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indispensable for the development and building of
smart structures and real-time structural health
monitoring and damage detection as it removes the
need to attach or embed sensors.

2.4. Carbon nanotubes (CNTs)

CNTs are cylindrical carbon molecules with
exceptional chemical properties, which can be used as
nano-reinforcements in  concrete. CNTs can
significantly enhance mechanical durability by gluing
cementitious agents and aggregates (Ge and Gao,
2008; Hallock et al., 2009) and improve other physico-
mechanical properties of concrete. CNTs are among
the most effective nanomaterials for improving
concrete properties and increasing its resistance to the
propagation of cracks (Srivastava et al., 2003). The
addition of small amounts of CNTs can efficiently
prevent crack propagation in concrete composites
(Spitzmiller et al, 2013). Meanwhile, more
improvements can be achieved in the flexural and
compressive strength of concrete by the oxidation of
multi-walled CNTs (Mann, 2006). Carbon nanofibers
are cheaper than CNTs (Kang et al., 2006) and more
appropriate for mass production. Many studies have
compared CNTs with carbon nanofibers incorporated
with cement pastes (Konsta-Gdoutos et al., 2010);
however, relatively few studies have investigated
incorporating the CNTs into the mortar (Li et al.,
2005; Liet al., 2007a). The incorporation of CNTs into
non-decorative ceramics can decrease their fragility
and improve their mechanical strength and thermal
properties (Luo et al., 2004). Additionally, CNTs
improve and accelerate the performance of solar cells
(Brown and Kamat, 2008).

2.5. Other nanomaterials

Many studies (Chang et al., 2007; He and Shi,
2008; Morsy et al., 2009) have proven that nano-clay
improves concrete resistance to chloride penetration,
mechanical performance, and self-compacting
properties, as well as decreasing shrinkage and
permeability. Nano-alumina (nano-Al,Os) notably
increases the concrete elasticity modulus, however, it
has a small effect on its compressive strength (Li et al.,
2006b). The incorporation of copper (Cu)
nanoparticles into steels can reduce surface
unevenness, which can alleviate the number of stress
risers and therefore fatigue cracking (Ge and Gao,
2008; Mann, 2006). Moreover, the application of
calcium (Ca), magnesium (Mg), copper (Cu), and
copper oxide (CuO) nanoparticles tends to improve
steel weld toughness and weldability (Spitzmiller et
al., 2013). In addition, the magnetic interaction of
nickel (Ni) improves the mechanical properties of
cement mortars and therefore increases concrete
compressive strength by approximately 15% (Guskos
et al., 2010). Silver (Ag) nanoparticles can also be
mixed with paint to provide antimicrobial surfaces in
operating theaters (Kumar et al., 2008).
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3. Potential exposure to nanoparticles

The growing nanomaterial production rate has
increased concerns about the release of nanoparticles
into the environment. Nanoparticles can be released to
the atmosphere, surface water, and soil as either bare
or functionalized nanoparticles, as aggregates, or after
embedding them within a matrix (Bystrzejewska-
Piotrowska et al., 2009). It has been proven that
nanoparticles can be released to the environment at
different phases of their life cycle (Lee et al., 2010).
Some researchers (Brown and Kamat, 2008; Liu et al.,
2007) have also reported that nanoparticles can be
released to the environment during their manufacture,
transportation, utilization, and destruction. Released
nanoparticles are  dispersed throughout the
environment when they reach the soil, water, and air,
where they can persist or be taken up by biological
organisms, representing an ecotoxicological hazard.
Moreover, they experience bioaccumulation or
biodegradation in the food chain (SCENIHR, 2006).
Some nanoparticles should be considered as emerging
pollutants (O’Brien and Cummins, 2008) due to their
potential toxicity impacts related to their negative
influences on human health and nature (Mann, 2006).
Standard demolition procedures strongly suggest that
a skilled specialist should be hired to supervise the
disposal of hazardous materials such as asbestos
cement, and lead paint, as well as the removal of nano-
enabled products (coated windows and nano-sensors)
prior to building demolition by heavy mechanical
disruption (Kourmpanis et al., 2008).

To determine the risks of nanomaterials, a clear
understanding of their potential exposure during
construction activities is required. A number of factors
such as the quantity and frequency of nanomaterial use
and the probability of particle release during different
phases of the construction process (construction,
operation, refurbishment, demolition, and recycling)

should be considered (Jones et al., 2017) in order to
understand the exposure risks. Exposure to
nanomaterials should be considered one of the greatest
risks in the construction industry (Diaz-Soler et al.,
2016). Recognizing and understanding these risks
necessitates real-time exposure monitoring, which is
far from simple. The exposure monitoring challenges,
including differentiating between released and
background particles, variations in measurement
methodologies, and the complexity and immobility of
some measuring equipment, have been widely
discussed in the literature (Azami et al. 2015; Jones et
al., 2017, Kuhlbusch et al.,, 2011; Kumar and
Morawska, 2014; Van Broekhuizen et al., 2011).
Moreover, the technical constraints of available
sampling and analytical techniques may not allow the
accurate detection of very low-level exposure levels
(Schimpel et al., 2017).

One of the important aspects of typifying risks
and avoiding accidental effects is an exposure
evaluation. There are a number of proposed exposure
scenarios during the nanomaterial life cycle that are
simulated in the construction industry (Lee et al.,
2010). One of the most comprehensive scenarios,
which was developed by Lee et al. (2010), is
illustrated in Fig. 2.

Nanomaterials can affect workers during
manufacturing, on construction sites, and during
disposal in demolition field processes. Moreover,
residents can also be affected in the customer use
process. Despite the risk of high exposure to
biological, chemical, and ergonomic hazards (Jones et
al., 2015), researchers have paid less attention to
workers (Diaz-Soler et al., 2016), and toxicity hazard
information remains limited for the construction
industry (Krug, 2014; Valsami-Jones and Lynch,
2015). Fig. 3 shows the frequent routes of
nanomaterial exposure and entry to the major organs
(Kagan et al., 2010; Yokel and MacPhail, 2011).
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Fig. 2. Exposure scenarios of nanomaterials used in construction (Lee et al., 2010)
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Fig. 3. Routes of nanomaterial exposure to human organs (Yokel and MacPhail, 2011)

4. Risk assessment of potential exposure to
nanomaterials

Natural disasters (such as storms or heavy
rainfall) and human accidents (such as fire) lead to
damage to nano-enabled products in building
elements, causing the release of nanoparticles into the
environment. For instance, precipitation can cause
nanoparticles to settle and penetrate into the soil and
groundwater, and fire can release nanoparticles to the
atmosphere. As a result of vague ingredient labels on
nano-enabled  construction products, exposure
monitoring  problems, and current analytical
limitations, it is highly challenging to characterize
these releases based on long-term activity (Jones et al.,
2017; Liu et al., 2007) and map the affected areas.
These difficulties include the limited detectability that
prevents quantification of substances released from
nanomaterials at a low rate as well as insufficient
analytical specificity to recognize nanoparticle forms
and concentrations in complicated environmental
matrices (Lee et al.,, 2010). Furthermore, recent
nanotoxicology research has provided a limited but
increasing database; however, no standardized
framework exists to evaluate and interpret these data
(Kuempel et al., 2012). Thus, a strategic framework is
required to thoroughly characterize nanomaterial
hazards (Mattsson and Simko, 2017).

Therefore, to quantify the human exposure to
nanomaterials, a qualitative risk assessment (control
banding) was presented to control worker exposure
and simplify potential exposure risk assessments (Zalk
et al., 2009). Moreover, another risk management
method was developed based on precautionary risk
management to decrease the risk of exposure to
nanomaterials for industry workers (Ling et al., 2012).
In that study, nanomaterial risks were categorized
based on aspect identification, solubility tests, dermal
absorption, and cytotoxic analyses. Furthermore,
another methodology was developed to create a real-
life relevant risk profile for a given nanomaterial to
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identify which materials pose higher risks, where
these risks appear in the life cycle, and the effect of
these risks (Schimpel et al., 2017). Other research
identified the key features of an integrated risk
governance framework for nanotechnologies and
described the tools required for this framework and
their effective integration (Stone et al., 2018).

A number of activities in the construction
industry increase the risk of exposure to nanomaterials
such as cutting, sanding, drilling, and machining nano-
enabled products, which all lead to inhalation risks
(Jones et al., 2017). Nevertheless, if workers are not
informed that they are working with products
containing nanomaterials (for example, because of
inadequate labeling), they cannot factor this into the
risk management process. In addition, workers will
not be able to take necessary precautions if unknown
nano-enabled products exist in the site. Demolition is
an obvious example, where it can be difficult to obtain
detailed information on the ingredients of building
elements (Jones et al., 2017).

Undoubtedly, current industrial health
standards should be changed because the commonly
used exposure index (mass per unit of volume) does
not consider important toxicity parameters and
conventional aerosol measurement techniques are not
appropriate for evaluating exposure to nanomaterials
(Oberdorster et al., 2005). Nanomaterial exposure
could be in the form of inhalation, swallowing, or
touching (Al-Bayati and Al-Zubaidi, 2018). Breathing
nanomaterials during production, molding, coating,
and incorporation can pose a serious health problem to
workers; thus, air quality monitoring is required
during the production process of nanomaterials in a
factory. Moreover, in addition to personal shielding
equipment (masks, gloves, and overalls) used to
mitigate the possible hazard, a regular medical check
is also strongly recommended for workers (Lee et al.,
2010; Spitzmiller et al., 2013) because even the
recommended personal shielding equipment may not
be sufficient. For example, HEPA filters are
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recommended for workers who are exposed to
nanomaterials however, these filters do not adequately
remove particles measuring less than 300 nm in
diameter (Al-Bayati and Al-Zubaidi, 2018). A number
of preventive and protective measures have been
presented with regard to the nanomaterial properties.
For example, Diaz-Soler et al. (2016) described five
key action steps for managing exposure to
nanomaterials in construction areas, in addition, to the
conventional industrial hygiene process.

In nanotechnology, similar to any other
emerging technology, regulators are still one step
behind the technology. For example, there is no
regulation in the US to enforce producers to include
nanoparticle information in the product safety data
sheet (West et al., 2016), and the US Occupational
Safety and Health Administration does not provide
mandatory exposure limits to alleviate the possible
hazards of nanomaterials (Al-Bayati and Al-Zubaidi,
2018). To enable regulators to prepare comprehensive
and beneficial rules and regulations for
nanotechnology in general and nano-enabled products
in the construction industry in particular, it is crucial
to first identify the lack of knowledge regarding
nanomaterial use, potential exposure pathways, and
possible toxicological hazards. Therefore, an
advanced version of the “known knowns and unknown
unknowns” model has been developed to explore and
address the areas where intervention is most required
(Jones et al., 2017).

5. Toxicity and adverse biological effects of
nanomaterials

According to previous literature, the toxic
effects of most nanomaterials commonly used in the
construction industry are summarized in Table 2 and
their associated health problems are illustrated in Fig.
4. Although this information on nanomaterial toxicity
is available in the literature, it is not broadly accessible
to decision makers, regulatory authorities, workers
and end-users.

An important aspect of nanomaterial use in the
construction industry is the virulence factor, which
describes the disease-causing ability of these materials
and their effect on human health. Nanomaterials pose
a toxicological risk to microorganisms and higher
organisms through DNA damage and cell wall
disruption. Many studies have evaluated and assessed
the bioaccumulation and toxicity impacts of
nanomaterials in different organisms (Lopez-Serrano
et al., 2014). Although some researchers believe that
the size of nanomaterials is the dominant factor
controlling their effects on human health (Gehr et al.,
20006), toxicologists have claimed that this is only one
of several factors (Krug and Klug, 2008). In
comparison with bulk materials, nanomaterials have
more convoluted physico-chemical properties,
including their size, surface area, shape, crystallinity,
porosity, and colloidal stability. These complex
properties could have a noticeable effect on their
interaction with physiological barriers (Meng et al.,

2018). Nanomaterials pose a toxicological risk to
human organisms via multiple mechanisms. These
mechanisms include cell wall disruption, production
of reactive oxygen species (ROS) that cause oxidative
stress, DNA damage, release of toxic metals, and
direct oxidation on contact with cell constituents (Lee
et al., 2010). In most previous research on the safety
of nanomaterials, a conventional material-by-material
approach has been employed in order to appraise ROS
production, DNA damage, and cytotoxicity.
Nevertheless, a dramatic improvement is required to
develop evaluation approaches that more closely
reflect nanomaterial mechanisms under possible
exposure scenarios (Collins et al., 2017).

Nano-silica is generally amorphous, which is
less toxic than its crystalline form; however, it has
been reported as a human carcinogen (IARC, 1997).
Carcinogens are any substances that are directly
involved in causing cancer. Exposure to crystalline
nano-silica in workplaces may cause silicosis in
workers and lead to lung cancer and tuberculosis
(Leung et al., 2012). Nano-silica particles pose a
toxicity risk by inducing oxidative stress (Wang et al.,
2009; Ye et al., 2010a; Ye et al, 2010b), lipid
peroxidation, and membrane damage (Lin et al., 2006)
by blocking apoptosis; i.e., programmed cell death,
which automatically eliminates the functionality of
defective cells. Blocking apoptosis results in the
production of tumor cells, which leads to cancer (Van
Broekhuizen et al., 2011). Oxidative stress may result
in  immunotoxicity, autophagy,  endothelial
dysfunction, and neurotoxicity (Murugadoss et al.,
2017). This type of nanomaterial may alsoresult in
genotoxicity through DNA damage, interaction with
DNA, and changes in gene expression (Donaldson et
al., 2010). Under high exposure to nano-silica,
inflammatory or cytotoxic effects have nanomaterial
has been reported (Jones et al., 2017).

Inhalation of high doses of nano-titania may
cause moderate inflammation of the lungs (Jones et
al., 2017). Nano-titania irradiated with sunlight
generates ROS that induce cytotoxicity, inflammation,
and DNA damage in mammalian cells (Handy et al.,
2008; Reeves et al., 2008). Rapid production of ROS
causes oxidative stress in human cells, which can
cause a wide range of diseases such as Parkinson’s and
Alzheimer’s and result in severe damage to the liver
and kidneys (Zhao et al., 2010).

The acute toxicity of nano-titania has been
tested on laboratory animals and been found to induce
negative effects including proliferation of epithelial
cells in the lungs and lymph nodes, inflammation, and
squamous metaplasia; however, those tests were
conducted under relatively high exposure and these
effects are unlikely to occur in practice. (Shakeel et al.,
2016). The shape of the titania molecule facilitates its
penetration of the cell through the cell membrane and
also its motility inside the cell. When nano-titania
reaches the blood stream, it may pass through the
blood-testis barrier and result in sperm malformation,
testicular lesions, and changes in serum sex hormone
levels (Gao et al., 2013).
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Table 2. Toxic effects of commonly used nanomaterials in the construction industry

Nanoparticle Toxic effect References
ROS toxicity; toxic to marine algae; apoptosis; (Attik et al. 2008; Dutta et al. 2007,
upregulation of tumor necrosis factor; inflammatory Fujiwara et al. 2008; Jones et al., 2017;
SiO2 responses; human carcinogens; genotoxicity Murugadoss et al., 2017; Van
Broekhuizen et al., 2011; Wang et al.
2010; Ye et al., 2010a; Ye et al., 2010b)
Acute lethality; growth inhibition; bactericidal for (Aruoja et al. 2009; Blaise et al. 2008;
TiOs Gram-positive bacteria; suppression of photosynthetic Kasemets et al. 2009; Rincén and
activity; oxidative damage due to ROS; inflammation Pulgarin 2004b; Zhao et al., 2010)
in lungs
Antibacterial; cell membrane damage; (Blaise et al. 2008; Dong et al. 2009; Ema
apoptosis/necrosis; inhibition of respiratory functions; | et al., 2016; Kang et al. 2007; Knief et al.
CNTs mitochondrial DNA damage; granulomas and 2009; Kobayashi et al., 2017; Liu et al.
atherosclerotic lesions; inhibition of bacterial clearance 2009)
from the lung tissues
Toxic to freshwater algae and yeast; DNA damage; (Aruoja et al. 2009; Blaise et al. 2008;
Cu/CuO lipid peroxidation; acute toxicity to liver, kidney and Kasemets et al. 2009; Midander et al.
spleen; necrosis of hepatocytes 2009)

Asthma
Bronchitis
Emphysema
Lung cancer

Arteriosclerosis
Vasoconstriction
Blood clots

High blood pressure

Auto-immune disease Skin
Dermatitis

Despite these hazards, solar irradiation
facilitates titania antimicrobial activity toward
different bacteria, including FEscherichia coli,
Micrococcus luteus, Bacillus subtilis, and fungi such
as Aspergillus niger (Rincon and Pulgarin, 2004a;
Rincén and Pulgarin, 2004b).

In an article comparing the similarities and
differences between asbestos and CNTs, the authors
claimed that any bio-persistent fibers longer than 5 um
in length and less than 1 pm in diameter can easily
penetrate deep into the lung and the protective
mechanisms of body are not able to break them down;
therefore, these fibers are particularly problematic
(Donaldson et al., 2013). Inhalable sizes of CNTs can
cause problems to human health by inducing
pulmonary toxicity (fibrosis, epithelioid, or
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Fig. 4. Human body organs affected by nanoparticles and the associated diseases (Pacheco-Blandino et al., 2012)

inflammation) in humans (Kobayashi et al., 2017; Wei
et al., 2007). When CNTs are phagocytized by
alveolar macrophages, alveolar macrophages release
chemokines and inflammatory cytokines into the
lungs, which lead to fibrosis and respiratory cancer
(Nishi et al., 2009; Ogami et al., 2007). A number of
in vivo studies clearly show that malignant
mesothelioma is the result of CNT inhalation (Takagi
et al., 2008), which was found to be akin to asbestos
(Lin et al., 2013b; Zhang et al., 2016). It has been
claimed that exposure to CNTs during pregnancy may
induce teratogenicity and developmental toxicity in
fetus (Ema et al., 2016). The carcinogenicity of CNTs
has been predominantly investigated in laboratory
animals and there have been no attempts to evaluate it
on humans (Kobayashi et al., 2017); therefore, this
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represents a potential topic for further research. CNTs
also show antibacterial properties, cell wall damage
(Kang et al., 2007; Kang et al., 2009), and oxidative
stress (Kang et al., 2008). The cell wall is one of the
most important supportive and protective structures in
mammal cells. Disruption of the cell wall can result in
penetration of disease-causing particles into the cell.
In addition, DNA damage in human cells is a known
negative impact of utilizing copper and copper oxide
nanoparticles (Blaise et al. 2008; Lee et al., 2008).

6. Conclusions

Among the many beneficial applications of
nanomaterials in the construction industry, these
materials can also be employed to increase energy
saving in buildings. For example, CNTs can be used
to enhance the efficiency of energy transmission,
heating, and lighting systems. Moreover, nano-silica
can be utilized in isolating ceramics, coating, and paint
to improve building thermal properties and energy
performance. In addition, nanomaterials have the
ability to increase building durability by improving
fatigue, abrasion, and resistance to corrosion, which
can lead to an indirect decrease in energy consumption
and total costs in the construction industry. Thus,
nanomaterials are likely to be the main choice for
certain construction materials due to their novel and
extraordinary properties. However, there are still
concerns about their unknown effects on human,
ecological, and environmental health. These points of
concern have prompted a wide range of research on
evaluating nanomaterial risk factors, as well as studies
on the safe production, biological limits, and safe
handling of nanomaterials from production to
dumping and disposal. However, research on
identifying, assessing and managing the associated
risk factors have not developed at the same rate at
which nanotechnology has been developing.

Nanomaterials can  cause  pulmonary
malfunctions, which are a major symptom of
respiratory problems along with skin irritation;
however, the mechanism of their disease-causing
abilities has not been fully revealed. For this reason,
substantial research has attempted to determine the
mechanistic relationship between the structure and
reactivity of nanomaterials and their connection to the
human immune system and cell toxicity. These studies
not only reflect the acute phase of toxicity and
mortality but also address the influence of sub-lethal
continuous exposure on living organisms. Despite
multiple studies on the potential hazards of
nanomaterials, the consequences of their associated
risks remain unclear. Another issue is the inadequate
toxicity information on the level of nanomaterial
exposure for workers, end-users, and the environment.
It is for these reasons that the manufacturers of
nanomaterials and nano-enabled products should
analyze the potential toxicity of their products and
provide detailed safety data sheets. Due to their
possible toxicity, it is critical for workers to know
which nanoparticles they are exposed to. It is also

crucial for risk analysts to understand the type and
exact amount of nanoparticles in those products in
order to prepare appropriate and effective risk
management strategies to mitigate their undesirable
effects.

Present analytical approaches are inadequate
for measuring and distinguishing the formation of
relatively  low  biological and  ecological
concentrations of nanomaterials in complex matrices.
Consequently, improved analytical methods should be
developed to determine the transport, conversion,
mechanism, and fate of nanomaterials in a variety of
biological and ecological fields. Advanced techniques
would enable the short-term monitoring of laborers
exposed to the effects of nanomaterials during
manufacture, building, and destruction as well as long-
term observations of the material itself. Material
observations should include monitoring the release of
nanoparticles from nano-enabled construction
products by different mechanisms, such as aging,
erosion, corrosion, and exposure to different weather
conditions.

Similar to the pharmaceutical industry, where
drugs with serious side effects are accepted for use in
life-threatening diseases such as cancer, nano-enabled
products should be considered for use in the
construction industry only after a comprehensive risk-
benefit analysis. It is clear that nanomaterials offer
many potential benefits; nevertheless, those benefits
should be balanced against their potential hazards.
Silver nanoparticles are a good example. It can be
mixed with paint to provide an antimicrobial surface
for use in operating theaters; however, as a result of its
toxicity to microbes, it may influence the development
of resistant microorganisms. Furthermore, lack of
knowledge might adversely affect risk-benefit
analyses. A clear example of this is asbestos, which
represents historical evidence of a risk-benefit balance
failure. Therefore, further comprehensive research
should be conducted into the potential hazards of
nanoparticles before performing any risk-benefit
analysis.

In conclusion, we believe that the following
steps should be undertaken in order to safely derive
the maximum benefit from nanomaterials.

e Comprehensive research studies should be
conducted to fill the knowledge gap related to the
toxicity of available and emerging nanomaterials to
human and organisms.

e Manufacturers of nanomaterials and nano-
enabled products should be rigorously enforced to
declare all nanoparticle ingredients in their products.

e Safety data sheets should be provided with all
nano-enabled products and should be made available
to everyone who has contact with those products.

e An extensive risk-benefit analysis should be
performed before commercialization and
industrialization of any nanoparticles.

e Risk assessment methodologies should be
developed in order to consider all potential risks
during the life cycle of nanomaterials and nano-
enabled products.
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