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ARTICLE INFO ABSTRACT
Article history: The increased flux of engineered nanoparticles (ENPs) in consumer and commercial products has become
Received 24 October 2014 aviable threat, particularly if their release affects the environment. The aim of this paper is to review the
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- - recent literature results pertaining to the underlying mechanisms initiating the transformations of ENPs
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for both biotic and abiotic processes. The transformation of ENPs is necessarily interrelated to multi-
ple environmental aspects and many concepts overlap. Physicochemical, macromolecular, and biological

Keyyvords: . pathways contribute to assessing the impact of the altered activities of ENPs on the surrounding envi-
Engineered nanoparticles . L . . . . .. oy .

Aggregation ronmental matrices. Transformations involving both organic and inorganic ligands are vital in soil and
Bioavailability water systems. Energy-efficient biocatalytic pathways can easily facilitate biotransformation involving
lonic strength enzymatic reactions and biomolecules. The relationship between physicochemical and biological param-
Environmental transformations eters triggers transformation, greatly affecting the bioavailability and aging of ENPs to various extents.

Therefore, the interaction of ENPs in environmental matrices is significant in understanding the risk of
potential exposure and/or uptake by biota.
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1. Introduction

It is well known that engineered nanoparticles (ENPs) are used
widely in medical, energy, electronics, and environmental appli-
cations [1]. The extensive commercial application and production
volume of ENPs raises concerns about their impact on the envi-
ronment [2]. According to Amara’s law, the growth of ENPs is
predicted to form a large number of nano-products and, conse-
quently, nano-wastes (Fig. 1) [3]. Therefore, exposure assessment
is important, at least for the popular ENPs, because their envi-
ronmental impact is poorly understood. ENPs are released into
the biosphere, whether inadvertently or intentionally. For exam-
ple, occupational or residential exposure to Ag nanoparticles (NPs)
from consumer and hospital products has impacts on the aquatic
environment through oxidative dissolution and sulfidation. Like-
wise, nanozerovalent iron (nZVI) is injected into groundwater
polluted with chlorinated solvents at remediation sites where
ENPs are released directly into water and soil [4]. Therefore, the
influx of ENPs is a matter of balancing reward and risk in the
environment.

The complex interaction between environmental matrices and
ENPs is important. Abiotic and biotic pathways influence transfor-
mation, altering bioavailability and the aging process [5]. Different
hydro-chemical parameters such as pH, ionic strength (IS), hard-
ness (e.g. Ca2* and Mg2* ions), and O,-limiting conditions change
aggregation kinetics [6]. Similarly, natural organic matter (NOM)
alters stability through electrostatic and steric interactions [7,8].
Moreover, the (ad)sorption of molecules in surrounding environ-
mental matrices indicates macromolecular level transformations
[9]. ENPs are often functionalized by surface coatings for specific
use, which results in altered activities [10]. For example, TiO, NP
(Ti NP) composites showed hydrophilicity during the aging pro-
cess and formed aggregates due to the oxidation and desorption
of amphiphilic surface-coated molecules in an aqueous environ-
ment [11]. In addition, photochemical reduction of Ag* ions shows
that ionic Ag bound to NOM facilitates the formation of Ag NPs
under ambient light conditions in an aquatic system [12]. Simi-
larly, biotic pathways including cellular degradation in matrices
containing NOM, protein/polypeptide, and polysaccharide can alter
the bioavailability of ENPs [13]. Bioavailability process controls the
potential for transfer of ENPs from the environment to ecological
receptors. So ENPs are not only affected by soil and water quality
parameters but also by the presence of biomolecules including the
biomass of plants and (micro)organisms [14]. Therefore, ENPs can
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Fig. 1. Relationship of ENPs growth over time (Amara’s law correlation of nanotech-
nological growth).

Reprinted with permission from Ref. [3]. Copyright 2014 Elsevier.

change their behavior after being released into the environment by
abiotic and biotic interactions [15].

The environmental implications and risks associated with
nanotechnology have been addressed by various researchers. For
example, specific reviews on silver [16], biotic mechanisms [17],
and nanomaterial behavior and their fate [18-22] are a few of the
valuable contributions to this field. This paper reviews the recent
results in the wider literature concerning the mechanisms initiating
the physicochemical, macromolecular, and biological transforma-
tions of ENPs through both the biotic and abiotic processes.

2. Transformation of ENPs

The characteristics of both the environment and ENPs are impor-
tant in controlling the behavior of the released ENPs. The nature and
degree of the transformation can be perceived in physicochemical,
macromolecular interaction and biologically mediated reactions.

2.1. Physicochemical transformation

Abiotic pathways are generally based on physicochemical trans-
formations. For example, the aggregation, stability, dissolution and
deposition of ENPs are interrelated process. The natural path-
ways of sunlight-driven photochemical reactions are significant
in controlling photo transformations. The adsorption of molecules
readily occurs in the surrounding matrix of a natural system show-
ing macromolecular transformations. The aerobic and anaerobic
environment can also potentially alter the behavior of ENPs by dif-
ferential affinity to the ligands, such as sulfidation in O,-limiting
conditions.

2.1.1. Aggregation kinetics and stability

The colloidal stability of ENPs and their aggregation are
explained through the interactions of colloid particles and adher-
ing surfaces by the Derjaguin-Landau-Verwey-Overbeek (DLVO)
theory [23]. According to this model, the aggregation of ENPs is
dependent on interaction forces such as electrostatic repulsion and
van der Waals attraction. Non-DLVO theory interactions namely
steric hindrance, magnetic and hydration forces may have sig-
nificant influence on the adhering surface efficiency. According
to the International Organization for Standardization (ISO, 2008),
nanomaterials in the size range of 1-100 nm are nanosized in differ-
ent dimensions, such as nanoparticles, nanoplates and nanofibers
which are nanosized in all three-dimensions, one-dimension and
two-dimensions, respectively [24]. ENPs are much smaller than
conventional colloid particles (<2 wm) and may not necessarily be
spherical. They demonstrate wide variations in shape, such as tri-
angular, icosahedral, ellipsoidal, and cylindrical forms. Two types
of aggregation are relevant to ENPs in the environment: homoag-
gregation and heteroaggregation, which are the aggregations of
similar and dissimilar ENPs. For example, aggregation of Ag NPs
with Ag NPs is a homoaggregation whereas aggregation of Ag NPs
with clay mineralsis a heteroaggregation. Considering natural envi-
ronment systems, heteroaggregation plays a significant role for
ENPs transformation. Therefore core-shell structure, surface prop-
erties (which varies from hydrophobic to hydrophilic coatings), and
the degree of transformation all alter the DLVO justification of the
aggregation and stability of ENPs [25].

2.1.1.1. Effect of ionic strength.

2.1.1.1.1. Studies related to critical coagulation concentration.
Ionic strength (IS) is known for its capability of ENPs transfor-
mation. The critical coagulation concentration (CCC) explains the
‘required minimum electrolyte concentration’ for favorable aggre-
gation of ENPs by eliminating the electrostatic energy barrier.
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Favorable and unfavorable aggregations depend on the aggrega-
tion attachment efficiency («), which ranges from 0 to 1. In a
reaction-limited (slow and unfavorable) regime, « is less than 1
and in diffusion-limited (fast and favorable) regime, « is equal to
1. Higher CCC values imply greater colloidal stability, whereas a
lower CCC value indicates destabilization and higher aggregation
of ENPs at a specific background solution. In environmental stud-
ies, attachment efficiency (o) and CCCs are the useful metric for
predicting the degree of aggregation and stability in natural and
engineered systems. For example, a CCC of 111.5mM was noted
for polyvinylpyrrolidone (PVP)-coated Ag NPs compared to a CCC
of 47.6 mM for citrate-coated Ag NPs in NaCl electrolyte [26]. The
lower CCC of the citrate-coated Ag NPs yielded a higher aggregation.
Monovalent ions (Na*/K*) are on the order of <10 mM concen-
tration in most natural freshwater bodies, including surface and
ground water [27]. Therefore, the CCCs of ENPs were much higher
than the typical monovalent salt concentration of freshwater. Con-
sequently, in this case, they are mobile in an aqueous environment.
Alternatively, some homo- or heteroaggregations could possibly
occur due to high ENPs concentration, water flow condition that
facilitates the frequent collision of ENPs with either ENPs or nat-
ural colloids. Zhou et al. have studied the role of clay minerals in
affecting the aggregative stability of Ag and TiO, NPs in suspen-
sion at varying ionic strength showing aggregation increased with
increasing ionic strength [28]. Afrooz et al. have studied the het-
eroaggregation behavior of Au NPs in presence of pluronic acid
modified single walled carbon nanotubes (SWCNTs) under a wide
range of mono- and di-valent electrolyte conditions and concluded
that slower aggregation at low electrolyte conditions and enhance
heteroaggregation in presence of high electrolytes as presented in
Fig. 2 [29].

In addition, ENPs can be immobile due to heteroaggregation
between ENPs and soil/sediment particles. Alternatively, if the ion
concentrations are well above the CCC, ENPs may still be mobile
due to low ENP or particle concentrations and flow conditions that
result in few collisions that can be further confirmed by other fac-
tors discussed below.

2.1.1.1.2. Capping agents and preparation methods. Capping
agents and preparation methods have a strong impact on colloidal
stability and the mechanism of aggregation. Surface oxidation
can change CCCs, as various researchers have demonstrated. Yi
and Chen [30] observed higher CCC values with more oxidized
multi-walled carbon nanotubes (MWCNTSs) reduced aggregation.
Bouchard et al. have investigated the effect of surface coatings on
the CCC values of coated and uncoated-Cgg [31]. The phenyl alkyl
ester-derived Cgg showed considerably higher CCC at >500 mM
NaCl than aqueous suspensions at 260mM NaCl. The results
showed that the surface coatings of fullerene inhibited aggregation,
possibly through steric interference or differing particle-particle
interaction energies. Li et al. have reported a lower CCC value at
~40mM for uncoated Ag NPs causing higher aggregation in the
absence of capping agents [32], thus surface coating may prevent
the oxidative dissolution. Huynh and Chen prepared citrate-coated
Ag NPs by cleaning an original stock suspension of Ag NPs and
re-suspending it in citrate solution (CCC ~50 mM) [26]. He et al.,
instead, synthesized Ag NPs by reduction of Ag* to Ag? followed by
the addition of citrate solution (CCC~300 mM NacCl) [33]. Both stud-
ies clearly showed stabilization by use of the same capping agent,
but the much higher CCC value (He et al. [33]) suggests that both,
the surface coating and the methodology used for the synthesis
of ENPs have significant impacts on the aggregation and stability.
Similarly, Table 1 comprises the lists of different capping agents
(stabilizers) for ENPs.

Other researchers noticed impacts of different ENPs’ prepara-
tion methods. Bouchard et al. [31] have reported a higher CCC for
a stirred aqueous suspension of Cgg at 260 mM NaCl compared to
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Fig. 2. Initial aggregation rates of homo- and heteroaggregation of Au NPs with (a)
NacCl and (b) CaCl,. Measurements were carried out at pH of ~6.5 and a temperature
of 20°C.
Reprinted with permission from Ref. [29]. Copyright 2014 American Chemical
Society.

a solvent exchange suspension at 120 mM NaCl [34]. Furthermore,
the reported CCC for sonicated and acid-treated MWCNTSs was con-
siderably lower CCC at 25 and 93 mM Na(l, respectively [35,36]. In
addition, sonicated and stirred fullerenes showed CCC values of 40
and 166 mM KCl, respectively [37]. On the whole, the ‘stirred pro-
cess’ of preparing fullerenes resulted in higher stability than the
‘sonicated process’, as demonstrated by the higher CCC values. Mea-
surement of electrophoretic mobility (EPM) showed similar results,
as there was a more negative charge on the stirred than on the
sonicated fullerenes. This way the variation in natural growth and
development of ENPs can be relevant in different matrices of the
environment.

2.1.1.1.3. Cation valence and salt type. Cation valence and salt
type also influence aggregation tendency of ENPs. Mono and diva-
lent cations are common in aqueous and soil suspensions. French
et al. have investigated the aggregation of Ti NPs by simulating
the soil and surface water conditions [38]. Results showed that
Ti NPs (4-5nm) formed stable aggregates (50-60 nm) at 4.5 mM
NaCl suspension. Further increase of IS up to 16.5mM formed
-sized aggregates at the same conditions. Ti NPs also rapidly
formed p.-sized aggregates in CaCl, suspension at the higher IS of
12.8 mM. Larger aggregates were observed at a higher pH range
(5.8-8.2) and IS (8.4-9.9 mM NaCl); so hardness enhanced aggre-
gation in soil and surface water. Moreover, the stability of ENPs
was correlated to salt type [36]. The CCC value of MWCNTs was
observed at 93 mM (NaCl), 98 mM (Na,SO4), 1.8 mM (MgCl,), and
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Table 1

Prevalent capping agents (stabilizers) of ENPs (compiled from various literature studies).
Capping agents Model ENPs Studies
Organic molecules
Citrate, Tannic acid, Ethylenediaminetetraacetic acid, Polyethylene glycol (PEG), Polyvinylpyrrolidone (PVP) Ag [161-165]
Citrate, Tannic acid, Cysteine, Biotin, Bovine serum albumin (BSA), Polypeptides, 11-Mercaptoundecanoic acid Au [166-173]
PVP, Tetraoctylammonium bromide Cu,0 [174,175]
Trioctylphosphine oxide, Oleate Cds [176]
Oleylamine, Mercaptoundecanoic acid, Glutathione Pd [177-179]
Dodecylamine, Mercaptosuccinic acid, PVP Pt [180-182]
PVP Rh [182]
PVP, Citrate, Hydrobenzamide Sn [183]
Oleic acid, Oleyl amine, Poly (acrylic acid) TiO, [184,185]
Hexadecanediol Ir [186]
Carboxymethyl cellulose, Xanthan gum nzvl [187,188]
Graphene Ag/AgCl [189]
Polysaccharides, 2-Mercaptoethanol, Ttriethanolamine, Acetate, PVP ZnO [190-194]
PEG, Alginate, Poly(acrylic acid), Poly (methacrylic acid), Dodecylamine, Oleic acid, BSA Fe-oxide [195-201]
Citrate, Poly(acrylic acid) CdSe, CdS [202,203]
Citrate SnO, [204]
Citrate, Tri-octylphosphine oxide and oleic acid, PVP, Oleic acid CeO, [204-206]
Cetyltrimethylammonium bromide (CTAB) GaN [207]
CTAB Se [208]
PEG, PVP CNTs [209,210]
Cetyltrimethylammonium chloride, Triton X-100, BSA Fullerene [211,212]
Polypropylene glycol, 3-Aminopropyl SiO, [213,214]
Arginine Iron oxide/rGO [215]
Citrate Au/Graphene [216]
Triethanolamine TiO,/graphene [217]
Inorganic molecules/element/ion
Ay, ClI- Ag [218,219]
Ag, Pd Au [220,221]
Sio, Pd [222]
Ag Pt [223]
Pt, Au, Ag TiO, [224-226]
Au, Si0; Fe-oxide [227,228]
Si0,, Pt Zno [229,230]
SiO,, ZnS CdSe [231,232]
Si, TiO, CNTs [233,234]
Al Ag Sio, [235,236]

1.2mM (CaCly), showing that NaCl and Na,SO, electrolytes mea-
sured almost similar CCCs. This study demonstrated the negligible
influence of anions (CI- and SO42~) on the stability of negatively
charged MWCNTs. Furthermore, divalent electrolyte revealed a
higher level of aggregation [26]. Citrate-coated Ag NPs showed
destabilization due to lower CCCvalues at 2.1 mM CaCl, and 2.7 mM
MgCl,, while for monovalent electrolyte (NaCl) a higher CCC of
47.6 mM was observed. In contrast, PVP-coated Ag NPs showed
higher stability than citrate-coated Ag NPs in mono or divalent
electrolytes due to steric repulsion by the large and non-charged
polymeric groups. Therefore, cation valence and salt type showed
impact on transformation potential by altering the aggregation and
stability of ENPs in the environment.

The impact of the surface oxidation of ENPs on aggregation
kinetics in mono- and divalent electrolytes has been studied [30].
High-oxidized MWCNTs (Ho-MWCNTs) showed higher stability
than low-oxidized MWCNTs (Lo-MWCNTs) in NaCl electrolyte
because of the higher surface charge density caused by negatively
charged —CO, H groups. A higher concentration of Na* ions was thus
required to screen sufficiently the surface charge of Ho-MWCNTSs
than for Lo-MWCNTs for favorable aggregation. In contrast, both
oxidized carbon nanotubes showed a similar aggregation trend
in CaCl, electrolyte. Ca?* ions exhibited preferential affinity to
form bidentate complexes with the adjacent —CO,H group on Ho-
MW(CNTs than with an isolated —CO,H group on Lo-MWCNTs. A
larger fraction of the —CO,H group was placed at close proximity
to the Ho-MWCNTs than to the Lo-MWCNTs. Surface charge neu-
tralization was more efficient for Ho-MWCNTs with the Ca2* ions.
Thus despite the difference in degree of surface oxidation, aggrega-
tion possibly was related to the spatial distribution of the functional

groups on ENPs. Thus, the physicochemical alterations of ENPs can
change their behavior in the environment.

2.1.1.2. Effect of pH. Aggregation of ENPs can show variations due
to changes in pH values. Chowdhury et al. have investigated the
effect of pH on graphene oxide (GO) NPs in natural and synthetic
water [39]. The hydrodynamic diameter (Dy,) was ~250 nm in the
pH range of 4-10, but increased sharply (>1000 nm) in more acidic
conditions (pH < 4). A reduction in electrostatic repulsive forces
between (GO) NPs was responsible for the increase in D;,. EPM val-
ues were fairly constant from pH 5 to 9 but increased significantly
from pH 4 to 2 similar to that of D},. The (GO)-containing functional
groups (e.g. —OH and =CO) changed EPM values at both the ends
of the pH scale [40]. Thus, electrokinetic or hydrodynamic proper-
ties did not significantly affect aggregation kinetics or stability of
similar ENPs in a typical aquatic environment in a pH range of 5-9
[27].

The pH stability of citrate-capped and bovine serum albumin
(BSA)-capped Ag NPs were studied by MacCuspie [41]. Citrate-
capped Ag NPs were more stable at pH 7 and 9, whereas BSA-capped
Ag NPs were stable at wider pH range (2, 3, 7 and 10) except pH 4
and 10. It is expected that the pH dependence of Ag NPs stability
may be related to citric acid speciation and steric effect of BSA in
citrate- and BSA-capped Ag NPs respectively. Such pH-dependent
transformation can be relevantin industrial and municipal wastew-
aters that can potentially mediate the pH-specific transformations.

Rathnayake et al. have showed that pH dependent transforma-
tion resulted in structurally and morphologically heterogeneous
end products [42]. Variations in pH determined the final specia-
tion, structure, and morphology of ZnO NP (Zn NP) transformation
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products. They transformed into two different morphologi-
cal/structural phases due to pH dependence of phosphate-induced
effect. Zn NP dissolution enhanced at pH 6, with the dissolved
material re-precipitating as hopeite (a micrometer scale crystalline
zinc phosphate phase). On the other hand, a nanoscale phase of
a ZnO core with an amorphous Zn3(PO4), shell obtained for Zn
NPs aged at pH 8. Therefore, Zn3(PO4),-4H,0 was expected at
thermodynamic equilibrium for both acidic and alkaline values
but the complete transformation was kinetically limited. Loosli
and Stoll have studied the effect of pH (3.7, 6.2 and 9.7) on het-
eroaggregation of TiO, NPs in latex suspension by a second order
aggregation kinetics. Better aggregates were obtained at pH 3.7
than pH 6.2 and 9.7 due to charge neutralization of negatively
charged latex suspensions with positively charged TiO, NPs [43].
These details are significant in environmental release scenarios in
various environments, such as soils, surface and ground waters,
and wastewater treatment processes at varying pH values.

2.1.1.2.1. Is the charge acquisition of fullerene pH-dependent?.
The pH-dependent charge acquisition explained the higher stabil-
ity of fullerene in water. Charge acquisition through adsorption of
OH~ ions has been proposed via two mechanisms, charge acquisi-
tion for hydrophobic surfaces [44] and surface-mediated hydrolysis
[45]. Aqueous fullerene acted as a potential electrophile (strong
electron acceptor) that polarized the water at fullerene surfaces.
The polarized water molecules provided the protons for adsorp-
tion of OH™ ions or were subjected to surface-mediated hydrolysis.
Brant et al. have reported more strongly charged fullerenes by sol-
vent exchange (using organic solvent) process than by extended
mixing with water due to charge transfer from the guest solvent
(oxygen acted as an electron donor) and surface hydrolysis reac-
tions [46]. These mechanisms of charge acquisition for aqueous
fullerene showed pH-dependence, particularly at pH <4 [31]; OH~
ions are adsorbed on surfaces more readily than H3O* ions [47]. This
possibly contributed to the negative surface charge of fullerenes. In
contrast, Chen and Elimelech have reported that fullerene under-
went faster aggregation at pH 2 since the ENPs were the least
negatively charged [37]. They became more negatively charged
showing slower aggregation as pH was increased. Therefore, aggre-
gation was very slow at pH 12, resulting in higher stability. The
overall results demonstrated that the surface hydrophobicity of
fullerene NPs was altered with aqueous pH conditions [48]. These
changes can be relevant in industrial wastewater processes or on
acid mine sites.

Additionally, decrease in {-potential with slight increase in pH
is consistent with NOM adsorption onto the surfaces of ENPs. For
example, Considine et al. have investigated that NOM adsorbed to Si
NPs through acid-base functional group H-bonding of organic acids
and the —OH groups of Si-surfaces at relatively high pH [49]. Signifi-
cantly, less adhesion was reported for free NOM due to protonation
at pH <4.8. So NOM coating was influenced by ionization equilib-
rium as adsorbed NOM ionized with increasing pH. As a result, NOM
can introduce new ingredients, the environmental fate of which is
still ambiguous. Aforementioned studies highlighted the potential
environmental transformations of ENPs in terms of the sensitivity
of the process to environmental variables.

2.1.2. Dissolution behavior

ENPs can be divided in two categories, (i) dissolvable (e.g. Ag,
Zn and CuO, ZnO) and (ii) non-dissolvable (e.g. graphene, CNTs). In
dissolution studies, carbon NPs can be virtually insoluble in nat-
ural waters; fullerene, for example, shows very low solubility at
10-'8 mol/L [50]. However, Cgo suspensions can form a highly oxi-
dized water soluble fullerene oxide in aerobic conditions [51]. Sim-
ilarly, oxidative treatment such as ultrasonication and adsorption
of organic help to produce stabilized CNTs dispersions [52]. Zn NPs
and Ag NPs are the most soluble ENPs [53]. For example, Franklin

et al. have demonstrated rapid dissolution of Zn NPs with solubility
saturation. The Zn NPs produced ~8 mg/L dialyzed (dissolved) zinc
concentration within 6 h and a much higher equilibrium concen-
tration of 16 mg of Zn/L after 72 h [54]; observed rate of dissolution
and saturation solubility was 19% of total Zn concentration.

The important role of dissolution of ZnO and CuO were indicat-
ing their toxicity to algae and bacteria [55,56]. Dissolution of ENPs
will help them to persist for a longer time in the environment; a
detailed discussion on dissolution of Ag NPs follows.

The rate of dissolution indicates that metal ions tend to par-
ticipate in redox and complexation reactions. Ho et al. have
investigated that dissolution was 9 times faster when the size of
spherical Ag NPs decreased from ~20 to ~5nm [57]. The Ag NPs
with capping agents (PVP or tannic acid) presented similar behavior
on dissolution [58]. Smaller Ag NPs (5 nm) dissolved more rapidly
than larger Ag NPs (50 nm) in aqueous systems which could be due
to larger fraction of surface atoms (higher specific surface area) in
smaller Ag NPs or due to lower redox potentials of smaller Ag NPs
than large size particles.

Oxidative and reductive dissolution reactions greatly influence
the metal speciation and its transport in the environment [59].
Oxidative dissolution by the reactive oxygen species in aerobic sys-
tems was investigated by Ho et al. [57]. Oxidation of Ag NPs by
either H,O, or HO, ™ ions was thermodynamically feasible, based
on the standard redox potentials [60]. Surface atoms of Ag NPs
(Ag?) oxidized to Ag* ions and concurrently, H,0, reduced to OH~
ions followed by a rapid complexation of Ag* ions with the ligands
(or solvent molecules). Kinetic expression of the overall steps of
oxidative dissolution is presented below (Egs. (1)-(3)):

(AgNP), +Hy05 — (AgNP), o+ 2Ag" +20H" (1)
(AgNP), +HO,~ +Hy0 — (AgNP),_ 5 +2Ag* + 30H" 2)
Ag® +n(ligand) — [Ag(ligand),]* (3)

A possible thin layer of Ag,0 over the surfaces of Ag NPs in
aerobic systems was demonstrated in several cases [61,62]. Thus,
the electrochemical passivity of surface oxide controlled Ag* ion
release. Such oxidative dissolution pathways are significant for
understanding the nano-bio interface chemistry between living
cells and ENPs [63].

Furthermore, the presence of Cl~ ions affects Ag NPs dissolu-
tion and strongly associated with a varying ClI/Ag molar ratio. At
low Cl/Ag ratio, the presence of Cl~ ions significantly decreases
or inhibits the dissolution of Ag NPs [32,57]. Levard et al. high-
lighted the enhanced dissolution of Ag NPs at high CI/Ag ratio [64].
The rate of release of aqueous Ag increased at high Cl/Ag molar
ratio (26,750) in short time (<10 h), but the rate reported at Cl/Ag
ratio was slower (<2675). On increasing the Cl/Ag ratio (>26,750),
soluble species, AgCly*~ 1)~ begin to dominate as compared to
solid AgCl. The soluble species may include Ag*, AgClyq, AgCly,
AgCl32~, and AgCls3~ ions. Thermodynamic data showed AgCl,~
(51%), AgCl32~ (27%), and AgCl,3~ (22%) speciation at 2 x 10> and
0.5 M concentration of Ag NPs and NaCl, respectively. In other case,
AgCl (solid) was the main species at a ClI/Ag ratio of <2675 in the
reaction vessel. Thus dissolution was mainly dependent on the
[AgCl (solid)/AgCl,*~ -] ratio. The dissolution rate increased with
decreasing [AgCl (solid)/AgCl,*~1)~] ratios and vice versa.

Loza et al. have observed the effect of different inorganic anions
(Cl- and PO,43~) and organic solutes (glucose and cysteine) on dis-
solution of Ag NPs in aerobic condition [65]. Chloride ion alone or
in combination with phosphate ion slows down the dissolution of
Ag NPs with the formation of silver chloride on nanoparticle sur-
face. Glucose has only a small effect on the dissolution rate, but in
presence of cysteine, the dissolution is quantitatively inhibited.

Metal oxides may undergo reductive dissolution in presence of
organic and inorganic solutes, in anaerobic conditions [59,66]; iron
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oxide has been studied where Fe(III) reduces to Fe(Il) using organic
ligands. Cwiertny et al. have used photochemical reductive dis-
solution and observed the enhanced rate of Fe(Il) production in
nanorods a-FeOOH systems over microrods in presence of oxalate
and hence greater dissolution of nanorods [67].

Li et al. have studied the effect of different anions (Cl~, SO42-,
NO3-,and HPO42~) on nano-ZnO dissolution behavior [68]. Increas-
ing concentration of C1=, SO42~ and NO3 ~, increased the dissolution
of nano-ZnO due to increasing ionic strength, while HPO42~ ion
inhibit the dissolution and free Zn2* concentration decreased from
0.23 to 0.04mgL-! at 5mM HPO42~ concentration. Furthermore,
Stumm have reported that oxoanions, such as phosphate, arse-
nate and borate are efficient inhibitors for metal oxide dissolutions
because they form bi- or multinuclnuclear inner sphere surface
complexes that can bridge two or more metal centers in the sur-
face lattice [69]. Overall, the results indicate that the dissolution
of ENPs is a regulating process for particle/ion partitioning in the
aquatic environment.

2.1.3. Deposition behavior

Deposition is the retention behavior and occurs when molecules
settle on a solid surface from a solution. It can be viewed as the
reverse process to dissolution. Influence of surface coating on ENPs
mobility in porous media is well studied but its influence on ENPs
deposition and their environmental fate have received meager
attention [70,71]. Wang et al. have investigated the influence of
a surface coating polymer, polyacrylic acid-octylamine, which may
exist both in the free aqueous phase and as a surface-bound coating,
on the deposition behavior of quantum dots (QD) (e.g., CdSe/CdZnS
nanocrystals) in water-saturated quartz sand [70]. The retention
profile of QD clearly demonstrates that a free polymer was pref-
erentially adsorbed onto the solid surface near the column inlet,
thereby preventing QD attachment, whereas in the down-gradient
portion of the column, QDs attached to the solid phase without
competition from the polymer. Hence, it is important to account for
the influence of coating on nanoparticle deposition, which demon-
strates their need in assessing nanoparticle mobility in porous
media. Ikuma et al. have investigated the deposition characteris-
tics of ENPs (e.g., hematite and silica) onto surfaces coated with
polysaccharides [71]. ENPs deposition characteristics suggest that
electrostatic interactions were the major driving force in governing
the initial surface deposition of ENPs onto polysaccharide-coated
surfaces. In addition, the distribution and heterogeneity of charges
across the surface can play an importantrole in the ENPs deposition,
which needs more study for better prediction of ENPs attachment
onto environmental surfaces. Li et al. have quantified the deposi-
tion kinetics of oleic acid coated iron oxide NPs (OA-IONPs) using
hydrophilic silica and relatively hydrophobic polystyrene in the
presence of electrolytes [ 72]. The relative higher deposition attach-
ment efficiencies of engineered OA-IONPs onto the polystyrene
than the silica surface indicate that the transport and fate of these
nanoparticles will be greatly influenced by the hydrophobic sur-
faces in the environment (e.g., oil or natural organic matter). They
observed no deposition of OA-IONPs onto silica sensor surface in
the absence of salt and at higher electrolyte concentrations close to
or higher than the CCC values and decrease in deposition rate was
observed as presented in Fig. 3 [72].

2.1.4. Macromolecular interaction

Macromolecular interaction occurs in soil and water matrices.
NOM and (bio)macromolecules show the potential to facilitate ENP
transformation pathways in the environment.

2.1.4.1. Natural organic matter. NOM is regarded as a heteroge-
neous macromolecule consisting of biopolymers and degraded
products with great variability in composition and molecular
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Fig. 3. Deposition rates (frequency shift rates) of OA-IONPs in the presence of (a)
NaCl and (b) CaCl, onto silica and polystyrene sensor surfaces. Each data point shows
the average of duplicate or triplicate measurements, where the error bars represent
standard deviations.

Reprinted with permission from Ref. [72]. Copyright 2014 American Chemical
Society).

weight [73]. The humic acid (HA) and fulvic acid (FA) fractions of
NOM are ubiquitous degraded materials, local to the aquatic envi-
ronment, typically of ‘anionic character’ due to their extremely high
carboxylic and phenolic constituents. NOM demonstrates anionic
influence in natural water due to the auto-dissociation of weak
organic acids.

Various studies have indicated that NOM stabilized ENPs
through electrostatic and steric interactions [74,75]. The -
potential is increasingly negative with NOM for Ti NPs and Fe NPs
such as hematite [9,76]. Both, the electrostatic and steric effects,
were considered primary determinants of the stabilization of ENPs
such as Ti NPs. Saleh et al. have reported that the EPM values of
MWCNTs remained unchanged in presence of the typical NOM
(Suwannee River Humic Acid or SRHA), validating steric stabiliza-
tion [35]. Similar steric stabilization was documented for fullerene
and colloidal suspensions [77,78].

Furthermore, the stability of fullerene was enhanced by humic
acid (HA), except in the presence of elevated concentrations
of CaCl, (>10mM) [77]. Complexation promoted intermolecular
bridging between HA and ENPs through Ca2* ions, which caused
aggregation at high concentrations of CaCl,. Chowdhury et al.
have also demonstrated the effect of NOM on carbon-based NPs
(e.g. (GO) NPs) [39]. Ground and/or surface water conditions at
1-10 mg/L (total organic carbon) exhibited insignificant difference
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Fig. 4. Aggregate rate for homo- and heteroaggregation of Au NPs in presence of
7mM NaCl+1mM CaCl, and with and without the presence of Suwannee river
humic acid (SRHA). Measurements were carried out at pH of ~6.5 and a temperature
of 20°C.

Reprinted with permission from Ref. [29]. Copyright 2014 American Chemical
Society.

in {-potential for different salt types (NaCl, CaCl,, and MgCl,), sim-
ilar to CNTs and fullerenes [79,80]. With SRHA, the monovalent
salt type was highly efficient in increasing stability of (GO) NPs,
whereas the divalent salt type showed higher efficiency in the for-
mation of large aggregates on account of CaZ* ions bridging with
hydroxyl and carbonyl functional groups of GO [39]. The sorption of
the SRHA on (GO) NPs surface significantly improved the stability
of (GO) NPs in water due to steric repulsions, similar to the steric
repulsion observed for CNTs [39,81,82].

Huynh et al. have investigated the effects of organic matter on
the heteroaggregation behavior of CNTs and hematite NPs. In lower
range of CNT/hematite NPs ratio (<0.01), the presence of humic acid
(0.15 and 0.25 pg/L) elevate the aggregation and at highest humic
acid concentrations (500 w.g/L), completely inhibit heteroaggrega-
tion regardless of CNT/hematite ratio [83]. Afrooz et al. observed
enhanced homo- and heteroaggregation in presence of SRHA as
presented in Fig. 4 [29].

Aromaticity improved stabilization compared to aliphatic sur-
factants such as sodium dodecyl sulfate [84]. Also, the —CO,H
functional group enhanced the dispersibility of NOM-ENPs com-
plexes, which largely depended on their source and age in a local
aqueous environment [84,85]. The aromatic fraction of NOM sta-
bilized ENPs by m-m interactions [86]. Macromolecular bonding
of NOM with MWCNTs and fullerenes showed m-m interactions
between cross-linked aromatic network of molecules and aromatic
rings of ENPs. A similar interaction between the ENP and organic
ligand was predicted to improve stability of ENPs in natural systems
[87,88].

Generations of NPs using abiotic pathways by natural organic
matter has been studied well. For example, reduction of silver
ions (Ag*) in the presence of aquatic or sedimentary or soil humic
acids were investigated to form Ag NPs [89]. The formation of
AgNPs at elevated temperature (90°C) completed within 3h
compared to 2-4 days at 22°C. The time required for generation
of NPs varied depending upon the type and concentration of HA,
as well as temperature. The natural formation of Ag NPs was also
investigated by fulvic acid fractions of NOM [90]; stable AgNPs
were formed through the Ag*-fulvic acid under environmentally
relevant conditions. The Ag NPs was stable for many months,
suggesting surfaces of NPs are sufficiently coated, thus inhibiting
the dissolution by oxygen to release Ag*. This way, the humic acid
or fulvic acid-induced abiotic pathways can be the potential routes

for the natural formation of NPs under environmental conditions
from ionic metal sources.

2.1.4.2. (Bio)macromolecules. (Bio)macromoleculescan be the con-
trolling factors in stability and transformation changes [91]. For
example, the effect of polysaccharide (e.g. alginate), protein (e.g.
bovine serum albumin or BSA), and cell culture (e.g. Luria-
Bertani [LB] broth) were examined for SWCNTs aggregation [82].
(Bio)macromolecules significantly inhibited ENP aggregation. BSA
protein reduced the aggregation rate most effectively, followed by
LB and alginate. Steric repulsions originating from the adsorbed
biomolecules caused the slow aggregation. Furthermore, Deguchi
et al. have investigated the adsorption of protein and dispersion
stability of Cgg NPs [92]. ENP coagulation was completely sup-
pressed at concentrations of >1 mg/mL of human serum albumin
(HSA). Because of adsorption, the Dy, of Cgg NPs increased slightly
from 152 nm to 154.5, 155, and 153.6 nm at 1, 5, and 10 mg/mL of
HSA, respectively. The adsorbed HSA molecule formed a protec-
tive layer onto surfaces of Cgg NPs, preventing coagulation. Such
stabilization is vital between living cells and ENPs; the association
of adsorbed protein coatings and ENPs produced protein coronas
in biological fluids [93,94]. Yet little is known about the impact of
ENPs on biomolecules, specifically for protein/peptide, DNA, and
cell membranes.

Computational studies have explored the interaction of struc-
tures and dynamics of ENPs with peptide/protein [95,96],
nucleotide/nucleic acid [97,98], and cell membranes [99,100]. The
relationship between size, shape and surface chemistry of ENPs
and intracellular and in vivo bio-distribution is still insufficiently
understood [101]. Computer modeling of spatial and temporal
resolutions has enabled the investigation of ENP interactions
with biomolecules [102]. Typical cellular components are on the
same size scale as ENPs, so significant interatomic interaction
occurred between ENPs and biomolecules, such as peptide and
DNA-functionalized Au NPs [103] and DNA-CNTs arrays [104]. The
surfaces of carbon NPs were favored by hydrophobic interactions
with -7 stacking of aromatic side chains [105]. The insertion pro-
cess of CNTs into the DNA molecules is controlled by van der Waal
forces [106]. Adsorption onto graphene partially disrupted the ter-
tiary structure of proteins [107]. ENPs such as QDs, CNTs, and CeO,
showed protein fibrillation by nucleation-dependent kinetics lead-
ing to protein unfolding [108]. Hydrophobic ENPs (e.g. CNTs and
fullerenes) were also able to transverse the lipid bilayer [109]. Au
NPs showed the potential to adhere, repel, or penetrate the lipid
bilayers depending on the density and surface charge of ENPs [110].
Thus, biotic macromolecules potentially influence the transforma-
tion of ENPs. Overall, available data show that the interaction of
ENPs with biological matter is a crucial factor in their transforma-
tion and bioavailability studies.

2.1.5. Photocatalytic transformation

Phototransformation is a significant process in regulating the
fate and behavior of ENPs. They are linked to the reactive transi-
ents of various excited states and reactive oxygen species (ROS) of
source and sink which can mediate the photoreactions. As an exam-
ple, fullerene showed an easy transformation by different steps of
photo-oxidation in aqueous solution [111]. When ground-state Cgg
was photo-excited to singlet state (1 Cgp), a rapid intersystem cross-
ing (ISC) transformed it from singlet state to triplet state (3Cgg ), then
quenched by O, molecules through energy transfer to generate the
singlet oxygen (10,) [112]. The singlet oxygen reacted with 3Cg to
form Cgp-epoxides (CgoO) [113]. The phototransformation of Cgq is
shown below (Egs. (4) and (5)):

Csoﬂﬂcsog%ﬁogceo +'0, (4)
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3Ce0 + (%/2)'0y — CpOx; where x=1-5 (5)

The photocatalytic exposure of ENPs was investigated in the
generation of ROS species. Chen and Jafvert have reported the
sunlight-driven production of ROS species by photoactive CNTs
[114]. Functionalized SWCNTSs (carboxyl and polyethylene glycol
derivatives) generated radical species including singlet oxygen,
superoxide radical anion (0,°~), and hydroxyl radical (*OH) in
the solar spectrum (300-410 nm). However, the aqueous disper-
sion of uncoated SWCNTs under solar light conditions for several
days led to insignificant formation of ROS. Amorphous carbon and
metal impurities within different SWCNT preparations contributed
to ROS generation.

Surface coatings can affect phototransformation. Li et al. have
investigated the photokinetics of Ag NPs under ultraviolet (UV)
irradiation (UV-365) [115]. Uncoated Ag NPs produced ROS species
(02*~ and °OH), but citrate-coated Ag NPs yielded only O,°—,
and ROS were undetected for PVP-coatings. The maximum time-
dependent release (5h) of Ag* ions was observed for uncoated Ag
NPs. Sterically stabilized PVP-coated Ag NPs showed a higher level
of persistence than electrostatically citrate-stabilized Ag NPs. Fur-
ther investigations highlighted the role of polymer surface coatings
in shielding against the ENP photocorrosion process. For example,
the Ag NPs with polymer coatings (e.g. PVP or Tween) showed
higher stability than citrate or gum arabic coatings in forming
aggregates in sunlight [116,117]. Oscillating dipole-dipole inter-
action formed larger aggregates whereas UV-irradiation formed
smaller fragments of Ag NPs [118].

Phototransformation with cellular systems has been the sub-
ject of various investigations. Xia et al. have reported that ROS
generation was promoted by the interaction of Zn NPs with liv-
ing cells [63]. Crystal lattice imperfection and surface defects
caused the generation of ROS [119]. Photoactive Zn NPs and Ti
NPs have enhanced the production of ROS causing oxidative stress
at several folds, resulting in phototoxicity to the ecological recep-
tors [120]. Similarly, the photocatalytic activity of Ti NPs induced
oxidative stress to Escherichia coli via the formation of *OH radi-
cals leading to lipid peroxidation in bacterial inactivation [121].
Clearly, light-induced formation of ROS caused changes to cellular
systems.

2.1.5.1. NOM-mediated photoreactions. NOM have caused varia-
tions in photoreaction pathways. Mostafa and Rosario-Ortiz have
investigated the photochemical behavior of organic matter (OM)
in wastewaters [122]. Wastewater OM acted as a photosensitizer
facilitating the formation of ROS species including *OH and 10,.
Dong and Rosario-Ortiz have reported higher formation of *OH in
wastewater OM compared to OM isolates, so the concentration
of 10, is higher in wastewater-impacted systems than the un-
impacted ones [123]. Thus, significant transformation can occur
in a non-conventional wastewater treatment plant without the
addition of disinfectant or other energy or chemically mediated
processes (Eq. (6)):

hv o
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NOM s 'NoM — ‘NoMm’ N NOM + 'O

2
(6)

Kong et al. have investigated the impact of NOM (e.g. HA and
FA) on photokinetics [124]. The photoreaction of Cgy in water
(aqua/nCgp) was quenched by NOM. Quenching decelerated the
reactions through NOM adsorbed in aqua/nCgg, leading to slow
deposition attachment onto the surfaces of ENPs [125]. Solar irra-
diation caused the oxidation of nCgg surfaces with negative surface
charge and hydrophobicity. Consequently, fullerene is more sta-
ble due to aggregate inhibition and the photoreaction rate. In

contrast, the photoreaction of hydrophilic fullerene (fullerenol)
was sensitized by NOM. Photosensitization accelerated the
reactions by triplet excited state intermediates. So, both the photo-
sensitization and the quenching of ENPs were influenced by NOM.
The generation of Ag NPs and Au NPs were investigated by HA (as a
model for dissolved organic matter (DOM)) under natural sunlight
[126]. HA acted as areductant and a coating agent to stabilize NPs in
the sunlight-driven photoreduction of Ag* and Au3* ions in envi-
ronmental waters. Thus, the formation of AgNPs or AuNPs from
ionic species through the NOM-mediated photoreduction proce-
dure is highly possible in environment.

The cycle of chemical oxidation of Ag NPs to release Ag+ and
reformation to form Ag NPs is expected to occur in aquatic envi-
ronment due to the oxidation of Ag0 and reduction of Ag*. Yu
et al. have proposed a three-stage pathway for the transforma-
tion of highly dynamic PVP-coated Ag NPs under light irradiation
[127]. Rapid oxidation of Ag NPs and release of Ag* (dissolution)
occurred by lightinduced photodegradation of PVP (capping agent).
Then, readsorption of Ag* on the Ag NP surface and reforma-
tion of small particles ensued. Finally, NPs participated in various
cross-linking structures, forming aggregates and precipitation of
Ag nanostructures. Therefore, Ag NPs can undergo oxidation and
reduction simultaneously, along with release of Ag*, regeneration
of secondary NP, and morphology changes from dispersed spher-
ical NPs to larger aggregates, tiny particles, or settle down under
environmentally relevant conditions. Aforementioned research
demonstrates the easy photocatalytic transformation pathways of
ENPs in the environment.

2.1.6. Aerobic and anaerobic environments

The predominant ligand species depend on the redox state and
abundance, in both aerobic and anaerobic soil and natural waters
[17]. Chloride and S%- ions are often present in natural water and
biological growth media and have a strong affinity for oxidized
metals (e.g. Ag). Thermodynamically, oxidized Ag NPs typically
react with reduced S-groups or Cl~ ions. Reactions of the Ag* ions,
released from Ag NPs, with Cl~ ions are more favorable in aero-
bic than in anaerobic systems due to production of HS~ in many
anaerobic system. Increased interactions between Ag* and HS~ ions
makes the interface of Ag* ions with CI~ less important in anaerobic
system [64] and the sulfidation of Ag NPs was observed in anaerobic
environments [128].

The formation of ENPs is potentially significant at the sites of
high metal concentrations. For example, the formation of Ag NPs in
surface water was influenced by wastewater or acid mine drainage
[129,130]. Similarly, Ag NPs leached from certain consumer tex-
tiles after repeated washing [131] and Ag NPs (up to 70-90%) from
tested sock fabrics were noted in dissolute ionic form that could
possibly end up in sewage treatment plants (STPs). Moreover, Li
et al. have reported the effect of Cl~ ions on stability of Ag NPs [32].
A passive layer of AgCl on the surfaces of Ag NPs inhibited dissolu-
tion. Furthermore, the oxidative dissolution of Ag NPs significantly
decreased at a low Cl/Ag ratio, but a high Cl/Ag ratio enhanced dis-
solution rate due to soluble AgCl,*~ 1)~ species [57], highlighting a
potential route of transformation.

Environmental oxysulfidation reaction is important because
they mediate the transformation. ENP oxysulfidation produces
metal sulfide by the reaction of metal NPs with sulfide and an oxi-
dant simultaneously. Therefore, this process transforms metal NPs
to metal sulfides and metal-sulfhydryl species to various extents
[132]. For example, the Ag NPs rapidly transformed to stable Ag,S
in anaerobic environments [128], most likely in the mixing zone
where both oxygen and sulfide co-exist.

Leachate-produced waste consisting of aqueous phase dynamic
heterogeneous materials can also affect the behavior of ENPs. For
example, Bolyard et al. have examined the interaction of common
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ENPs and components of landfill leachates [133]. According to the
chemical speciation model, Ag potentially was chelated with sul-
fide and ammonia species. Moreover, Ag predominately reacted
with ammonia [Ag(NH3)2*] or chloride [AgCl, and AgCl (aq)] along
with free ions at low sulfide concentration. The majority of Zn NPs
associated with DOM, CO32~/HCO3 ™, and Zn2* ions. Yet ENPs were
also observed with solid waste mass through adsorption. The main
chemical species of Ag NPs and Zn NPs in the mobile aqueous phase
of leachate are shown below (Egs. (7) and (8)):

AgNPs(total) = Ag* +AgCliaq) +AgCly ™ + AgCls®~ + AgHS 4q)
+Ag(HS),™ +AgS™ +AgNH3t + Ag(NH3),* (7)

ZnNPs(total) = Zn?* +ZnHCO3 " + Zn(CO3 )2~
+Zn(DOM) + ZnNH32* +ZnC03(aq) + ZNS(aq+ 202552~ (8)

Time-dependent changes in the transformation of Ag NPs into
environmental matrices were rapid [128]. Major Ag,S (>90%) was
observed at concentration of 0.5 mg/L (~170 mg Ag/kg of total sus-
pended solid) in anaerobic tanks during a short time period (<2 h).
Furthermore, the ~60% fraction of Ag,S transformed within 2 h
at a high Ag concentration of 5mg/L (~1700mg Ag/kg of total
suspended solid) but this fraction did not increase further even
after 5 h, indicating the available sulfide was completely exhausted
in the transformation process. Thus, the environmental setting
of aerobic and anaerobic conditions can affect transformation
pathways.

2.2. Biotic pathways for NP formation

The natural environment is a source of crude unprocessed
extracts from the tissues of different flora and fauna. Consequently,
understanding the role of biomolecules is important in order to
identify biotransformation. Biopolymers from plant and microbial
cell extracts possess reductive enzymes and reducing functional
groups, which can transform metal ions into the corresponding NP
in a short time [134]. The natural growth of living organisms is
a common bottom-up approach to ENP formation. The develop-
ment of NPs is controlled by process variables such as reducing
capacity, precursor concentration, solvent polarity, and stabilizer.
As an example, ascorbic acid (a natural reducing agent) shows the
potential to transform metal ions in the formation of NPs [135].

Various plant species have ability to form NPs according to their
reducing abilities. Dubey et al. have demonstrated a simple proto-
col for the formation of Ag NPs and Au NPs (~20 to 50 nm) using
leaf extracts from different plants [136]; tansy leaf mediated Au NPs
showed the most stable forms due to their high negative {-value
(—41.7 mV). Generally, the reduction and stabilization of NPs are
attributed to the phenolic and/or hydroxyl-substituted functional
groups and various metabolites of terpenoids and reduced sugar in
the plants. They can act both, as reducing and stabilizing ligands in
the development of NPs. Redox ability is primarily due to a complex
system of phenolic compounds, which act as hydrogen donors, sin-
glet oxygen quenchers and metal chelating agents in NP formation
[137].

The biotransformation potential of mesophytic (Cyperus sp.),
hydrophytic (Hydrilla sp.), and xerophytic (Bryophyllum sp.) plants
were investigated for Ag NP development [138]. Mesophytic plants
demonstrated tautomerization of three types of benzoquinones
including cyperoquinone, dietchequinone and remirin in nano-
transformations. Furthermore, reactive hydrogen liberated from
ascorbicacid in the hydrophytes and catechol transformed into pro-
tocatechuic aldehyde and protocatecheuic acid. Thus, the released

reactive hydrogen contributed to the formation of Ag NPs. In addi-
tion, organic acids are generated regularly in the xerophytic leaves
due to redox reactions. So, the reaction of CO, with phosphoenol
pyruvate (PEP) by the enzyme PEP carboxylase formed oxaloacetic
acid and the emodin molecules underwent tautomerization (keto-
enol conversions), thereby facilitating the reduction of Ag* ions in
plant extracts. Consequently, the redox changes in plants lead to
biotransformation of Ag NPs (Fig. 5).

The metal transformation ability of microorganisms has been
explored. Generally, O, is the preferred e~ acceptor. However,
alternative e~ acceptors are depleted thermodynamically by Gibb’s
free energy as: O, >NO3~ >Mn(IV) > Fe(Ill) > SO42~ > CO, [139]. As
an example, in biosynthesis of Ag nanoparticles by cyanobacte-
ria, it is expected that Ag* reduced by an intracellular electron
donor system through the reduction of nitrate to nitrite and then
to ammonium (Eq. (9)-(11)) [140]:

N037+2H++267—> NO,™ +H,0 9)
NO,~ 4+ 8H* +6e~ — NH4* +2H,0 (10)
Agt+e” - Agl (11)

The literature shows that the extracellular development of NPs
is more common than intracellular pathways in microorganisms.
For example, the archaebacterium Pyrobaculum islandicum formed
extracellular spherical NPs of different metallic ions (U%*, Tc7*, Cr6*,
Co®*, and Mn*") [141]; their reducing power was dependent on
the presence of cell suspensions and availability of hydrogen (e~
donors) in transformations.

Similarly, many fungi including Verticillium sp., Cladosporium
cladosporioides, Trichoderma asperellum and Volvariella volvacea,
and some species of Aspergillus, Penicillium and Fusarium have been
investigated for the transformation of metal into their NP form.
For example, Ahmad et al. have investigated the extracellular for-
mation of bimetallic (Au-Ag) NPs by Fusarium oxysporum biomass
[142]. Basavaraja et al. have reported the extracellular reduction of
Ag* ions through nitrate-dependent reductase enzymes and shuttle
quinine using Fusarium semitectum [143]; amino acid and pep-
tide acted as potential stabilizers in the bio-inspired production
of Ag NPs. In addition, several algae including Nannochloropsis ocu-
lata, Dunaliella salina and Chlorella vulgaris were reported to assist
the formation of Ag NPs [144]. Neurospora crassa produced fairly
monodispersed mono- and bimetallic NPs (Ag and Au) by both the
intra- and extracellular pathways [145]. Similarly, the marine alga
Sargassum wightii was used to reduce aqueous AuCl4~ ions into Au
NPs [146].

Most of the biopolymeric NPs are derived from polysaccharide,
protein, or polypeptide, which undergoes a wide range of biotrans-
formations in natural systems. Various biopolymeric molecules in
the bioconjugate chemistry of NPs are summarized in Table 2. They
have the ability to form highly functionalized NPs [147]. Biolog-
ically derived ENPs often have one or more additional functional
groups that can affect the modification of surfaces (e.g. carboxyl,
hydroxyl and amine molecules). Hence, the natural systems of
almost all living organisms including plant biomass and microor-
ganisms are well suited for the biochemical metal transformation of
NPs. As aresult, the risks associated with the impact of transforma-
tion encourage the study of bioavailability and related processes.

3. Bioavailability potential

The bioavailable species of ENPs are potentially taken up by
aquatic and terrestrial biota resulting in bioaccumulation and bio-
magnification in food chains. For example, the soluble metal ion
released from ENPs can render them bioavailable to ecological
receptors [148]; transformation pathway of ENPs changes their
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Fig. 5. Plant-mediated pathways of Ag NPs formation.

Reprinted with permission from Ref. [138]. Copyright 2014 Elsevier.

bioavailability to different plants or organisms. Lowry et al. have
investigated the transformation of Ag NPs with distribution in soil
and sediment in freshwater mesocosms [15]; Ag NPs transformed
to AgyS (52%) in soil compared to 55% in subaquatic sediment.
Sulfidation was greater in aquatic sediment due to the anoxic con-
ditions and favorable geochemical phase for Ag [149]. Concurrently,
erosion and runoff were observed to release Ag NPs from ter-
restrial soil to sediment. In addition, in terrestrial plant biomass,
mosquito fish and chironomids, Ag concentrations of 0.17 mg/kg
and 0.5-3.3 mg/kg, respectively were observed, showing the poten-
tial bioavailability of Ag NPs even after significant sulfidation.
How long does Ag remains bioavailable and what the bioavailable
species are remains unclear, however, studies show that transfor-
mation products including ions, sulfide, or sulfhydryl classes or

products with (un)known compositions may be part of the expla-
nation.

ENP size, their bulk composition, and surface coating all influ-
ence their bioavailability and aging. For example, Unrine et al. have
showed that smaller Au NPs (20 nm) were more bioavailable than
larger ones (55 nm) due to the extent of their aggregation in soil
pore water [150]. The absorption of Au NPs showed nanoparticu-
late forms rather than ionic species in the bio-distributed tissues of
earthworms (Eisenia fetida). ENPs clearly showed biomagnification
and trophic transfer in terrestrial food chains [151]. Furthermore,
Li et al. have reported that surface coatings of HA, FA and algi-
nate enhanced bioavailability of Zn NPs compared to coating with
tannic acid [152]; variations in coatings showed a differential affin-
ity to Zn2* ions in complex formation with NOM. Mudunkotuwa
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Table 2
Various biopolymeric molecules in formulation of NPs.

Biopolymer Description Studies

Polysaccharide

Cellulose Abundant renewable polymer, structural components of primary cell walls [237]
of higher plants, hydrophilic

Starch Renewable polymer, storage energy source of majority of plants [238]

Chitosan Product of deacetylation of chitin, linear cationic, structural component of [239]
the exoskeletons (e.g., crustaceans and fungal cell walls)

Heparin Anionic, highly sulfated glycosaminoglycan, highest negative charge [240]
density of any known biomolecule

Alginate Linear anionic, extracted from seaweeds, capacity to absorb water quickly [239]

Hyaluronate Anionic, non-sulfated glycosaminoglycan linear chain, component of [241]
extracellular matrix of humans.

Dextran Branched polysaccharide of many glucose units [242]

Protein

Collagen Abundant macromolecules of proteins in mammals, main component of [243]
fibrous tissues (e.g., fibroblast cells)

Albumin Most abundant plasma protein in mammals, e.g. human serum albumin [244]
(HSA) and bovine serum albumin (BSA)

Casein A phosphoprotein source of mammalian milk, forms casein micelles by [245]
Ca?* ions and hydrophobic interactions

Gelatin Derived from the hydrolysis of collagen, gelling agent as stabilizer and [246]
thickener

Heat shock proteins (HSPs) Induced by heat shock, named according to molecular weight (e.g., HSP60, [247]
HSP70, HSP 90), triggers when cells are exposed to higher temperature or
stress factors

Protamine Small nuclear protein, Arg-rich amino acid residues [248]

Ferritin Intracellular Fe-storage protein, produced by nearly all living organisms [249]

et al. have investigated Cu-based NPs of different oxidation lev-
els including Cu (new), Cu (aged), and CuO (oxide form) for the
adsorption of organic acids [153]. Apart from the new Cu NPs, the
other two samples showed sorption by organic acids (citric and
oxalic acid). The enhanced concentrations of Cu complexation with
organic acids varied the bioavailability of ENPs. Moreover, smaller
ENPs showed higher solubility and stability, whereas aged Cu NPs
increased in size due to coalescence and coarsening under ambient
environmental conditions. Thus, a greater colloidal stability of ENPs
resulted in their potential bioavailability and increased residence
time in the aqueous environment.

The exposure period can further affect bioavailability [ 154]. For
example, Lombi et al. have reported the rapid transformation of
Zn NPs to ZnS within one day during the anaerobic treatment of
wastewater sludge [155]. A high volume of ZnS (67-96% of total
Zn) was noted in fresh biosolids, compared to nil in aged biosolids.
The age of the biosolids affected the speciation of Zn NPs due to
their degree of transformation. Similarly, the uptake of CNT con-
jugates was very rapid, occurring within minutes in the vascular
bundles of tomato plants [ 156]. Moreover, Reinsch et al. have noted
that the faster rate of oxidation of nZVI resulted in the rapid loss
of Fe%, within one day [157]. Samples aged six-month showed
different oxide mineral phases and sulfate species. Therefore, the
rapid depletion of Fe® and oxide phases slowed down aggregation
[158]. Consequently, the transformation and aging of nZVI facili-
tated bioavailability to aquatic or terrestrial biota.

3.1. Plant species specific changes

The uptake dissimilarity of ENPs between plants suggests
changes in bioavailability. Judy et al. have investigated the differ-
ences in bioavailability of monocot and dicot plants [13]. The size
of Au NPs and surface coatings altered bioavailability to plants. In
dicot plants, accumulation of different sizes (10, 30, and 50 nm) of
Au NPs was found for tobacco, whereas in monocot plants no accu-
mulation for any sizes of Au NPs was found for wheat, although Au
NPs adsorbed to the surfaces of wheat root. Apparently, the Au NPs
showed greater aggregation in wheat than in tobacco plants. As an
example, wheat plants showed 88.3% and 93.3% larger aggregates

(>80 nm) for tannate-coated and citrate-coated Au NPs, respec-
tively, but just 61.4% and 67.9% for tobacco plants, with 10 nm Au
NP treatment to both plants. The variation in GNP aggregation was
due to the differences in root exudates for different compounds.

The bioavailability of ENPs was examined further through biotic
and abiotic interactions on different plants. Recently, Glenn and
Klaine highlighted a four-way interaction using two abiotic and
two biotic factors [6]. Bioavailability was investigated depending
on the size of Au NPs (4-, 18- and 30-nm), dissolved organic car-
bon (DOC) presence/absence, root presence/absence, and aquatic
macrophytes; absorption of Au NPs was plant species specific.
The free-floating plant Azolla caroliniana has an increased sur-
face area of roots, which were in contact with water due to the
root hairs. Submerged plants (Myriophyllum simulans and Egeria
densa) were either rooted or free-floating, showing the absence or
presence of root structures. The presence of DOC showed a com-
plex of Au NPs-DOC with Au NP sizes of 4 and 18 nm, leading to
reduced aggregation and inhibited absorption of Au NPs by aquatic
plants; DOC reduced the bioavailability for both sizes of Au NPs.
Interestingly, the same effect was not observed with larger Au NP
treatments (30 nm). Both DOC and roots played an important role
in tissue concentration of Au NPs in A. caroliniana. Consequently,
the bioavailability is easily affected by the abiotic and biotic inter-
actions in natural systems.

Research shows that the environmentally induced changes
in transformation, bioavailability, and related processes (such as
aging) are closely interrelated. Fig. 6 summarizes this complex
interplay of physicochemical and biological interactions on the
transformation pathways of ENPs.

4. Current perspective

Natural NP in the aquatic and terrestrial environment differs
from those in synthetic media due to the presence of natural and
colloidal materials [10]. Aggregation and dissolution are important
processes of synthetic ENPs in laboratory conditions [38,55,159].
In contrast, natural NPs are complex moieties of natural growth
and chemical heterogeneity; as an example, the biotic and abiotic
growth of iron oxide demonstrates different optical and catalytic
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properties [160]. Various processes such as immobilization, metal
binding, organic transformation and contaminant uptake may
be coupled with natural NPs. Accordingly, data generated under
standard laboratory conditions cannot translate directly into the
natural systems. Additionally, experimental uncertainty in studies
of particle concentrations (typically in the pg/L or pg/kg range)
presents a major challenge to investigation at the environmen-
tally relevant concentrations. Furthermore, the ‘core-shell’ model
of ENPs shows that transformation affects the core, shell or both
in the environment [15]. However, many transformation stud-
ies consider core, shell separately and seldom consider core-shell
structure together [17].

The results in the literature provide essential tools in order to
determine the most important issues for research over the next few
years. However, many questions still need to be addressed more
carefully before a consensus can be reached on the transformation
of ENPs. For example, what transformations are expected at varying
electrolyte types and concentrations; solution pH; NPs’ particle size
and coating; interactions with the environmental macro, micro,
nano-species and different physical conditions including flow rate,
temperature, etc. How do the acquired and inherited properties of
ENPs alter transformation pathways? How is transformation influ-
enced by media composition and biotic interaction? What are the
possible stable species of transformed ENPs (aged ENPs) in natural
systems? The current awareness of such issues is rather limited.

5. Conclusions

The transformation process for ENPs is altered by a conflu-
ence of factors depending on the characteristics of ENPs and of
the receiving medium. The interaction of ENPs with both, organic
and inorganic ligands, results in changes at the physicochemical,
macromolecular and biological levels. Surface coatings including
ions, polysaccharide/protein, and NOM can potentially affect the
transformation. Electrostatic and steric effects are key determi-
nants in the stabilization process. Aromatic NOM increases stability
due to typical - interactions, similar to electrokinetic measure-
ments for an increase in negativity of {-potential of ENPs. The
reactive transients of excited states and generation of ROS species
(e.g. 105, 0,°~, and °*OH) assist phototransformation. In addi-
tion, the aerobic and anaerobic conditions have a putative impact
through their differential affinity to ligands, such as sulfidation in
anaerobic phase resulting in transformed products. Biopolymers
from plants and microorganisms have complex enzyme systems
that potentially mediate biotransformation. Plants, bacteria, algae
and fungi are all reported to mediate such transformation by a
simple energy-efficient process. ENPs show bioavailability poten-
tial dependent on the extent of transformation and aging in the
environment. The overall study suggests that in this era of nano-
technology, behavior of ENPs remains a critical factor in improving
the existing environmental safety framework. Transformations of

ENPs depend strongly on characteristic properties of the ENPs and
their respective environment. Hence, it is necessary to explore each
NPs property and its environment interactions to find that particu-
lar ENPs fate in a particular environment considering that none of
them will exist to a single composition in ever changing environ-
ment.
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