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Abstract

The mechanism and kinetics of the interaction of humic acids (HAs) with a 1-
palmitoyl-2-oleoyl-Sn-glycero-3-phosphatidylcholine (POPC) large unilamellar vesicle (LUV)
model biomembrane system were studied by fluorescence spectroscopy. All three HAs studied
induced a perturbation to the biomembrane bilayer structure at pH 4.8. Concentration
dependence studies revealed that biomembrane perturbation increased with increasing HA
concentrations for Suwannee River HA (SWHA) from 0 to 20 mg C/L. For both Leonardite HA
(LAHA) and Florida Peat HA (FPHA) aggregation influenced biomembrane perturbation at
concentrations above 5 and 7.5 mg C/L, respectively. Temperature studies over the
environmentally relevant ranges of 10 to 30 °C revealed that biomembrane perturbation
increased with decreasing temperature for all three HAs studied. Kinetic data established that
adsorption and absorption occurred within seconds to minutes and the complex absorption
process consisted of both fast and slow components. The slow component was fitted to first order
kinetics; however, the fast component could not be fitted with either first or second order
kinetics. A mechanism based on “lattice errors” within the biomembranes was proposed to
explain the fast and slow components as well as the concentration and temperature findings.

The aromatic moieties within HAs were shown to be responsible for the interactions of
HAs with biomembranes and the major biomembrane disruptors for the chemically edited HAs
studied.

Au and Ag nanoparticles (NPs) were synthesized using the same chemically diverse and
chemically edited HAs at environmentally relevant temperature and pH conditions. Stable
particles with narrow size distributions for Au NPs and wider distributions for Ag NPs were
formed. The NPs synthesized with HAs at pH 4.8 were polydisperse while the NPs synthesized

with HAs at pH 7.6 were monodisperse. The interactions of Au and Ag NPs, synthesized and
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stabilized by chemically diverse HAs, with POPC LUVs contributed to greater biomembrane
perturbation at pH 4.8 compared to 7.6, as observed by fluorescence leakage experiments and

cryo-TEM imaging.
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Chapter 1. Introduction
1.1 Humic Substances

Natural organic matter (NOM) refers to the organic acids that are prevalent throughout
the environment including terrestrial, aquatic and coal areas. NOM occurs naturally in the
environment following microbial breakdown of plant matter containing proteins, cellulose,
lignin, lipids, cutins and cutans in the environment [1-3]. NOM are classified into two major
categories; non-humic substances and humic substances (HSs). HSs form the major components
of natural organic matter and were first discovered by Achard in 1786 through the isolation of a
dark precipitate by acidifying an alkali extract of peat [4]. HSs can be best described as complex,
heterogeneous and polydisperse mixture of decayed organic matter [5].

As their aqueous solubility is dependent upon pH, HSs are further categorized into three
major fractions as follows: humin is insoluble in water at all pH values, fulvic acid (FA) is
soluble in water at all pH values, and humic acid (HA) is soluble at pH values higher than 2; as a
result the aquatic environment is mostly dominated (50-80%) by the fulvic and HA components
of HSs [6].

1.1.1 Sources of HAs

HAs are mainly found in soil in terrestrial, aquatic, and marine environments. They are
normally extracted from peat, manure, lignite coal. HAs from different sources have different
physical and chemical properties as illustrated in Tables 1.1, 1.2, and 1.3 below. The percent
chemical composition of HAs depends on the source material from which it is derived, for
example, HAs extracted from a microbial source have more aliphatic moieties than those from
higher plants [7]. It has also been shown that HAs extracted from soil are less polar when

compared to those extracted from aquatic environments [8, 9].



The structural characteristics and size of HAs are dependent upon the nature of the source
material and the extent of diagenesis that occurred during the formation of HA [10, 11]. As a
result, HAs from different sources are expected to interact differently with model biomembranes
and will also have different potentials to reduce metal salts. In the investigations covered in this
thesis, HAs from three different sources (aquatic, terrestrial and coal peat) were studied.

1.1.2 Components of HAs

HAs are made up of components from which they are formed. Terrestrial HAs form in
the environment and are derived from mainly plants containing lignins and tannins [10]. HAs
found in the aquatic environments are mainly derived from simple aquatic plants and organisms
such as algae and bacteria. Generally, HAs are made up three main components: the aliphatic
hydrocarbons, the aromatic moieties; with phenolic, carboxylic and methoxyl functionalities
mainly derived from lignins, tannins, and carbohydrates [12]. Structural characterization of HAs
using various techniques have demonstrated that HAs have a very complex structure with
multiple functionalities as can be seen in Figure 1.1 below.

Table 1.1 The relative amount of functionalities within HAs from different sources determined
by **C NMR [13].

Carbonyl Carboxyl Aromatic Acetal Heteroaliphati| Aliphatic
(200-190pm) | (190-165pm) | (165-110 ppm)| (190-90 ppm) | ¢ (20-60 ppm) | 60-0 ppm)
SWHA 8 19 37 9 7 21
FPHA 5 20 47 4 5 19
LAHA 8 15 58 4 1 14




Table 1.2 The dissociation constant K, of HAs from various sources [14].

Carboxyl Phenolic Total
(meq/g C; (meq/g C; Methionine| Cysteine Carbohydrate
1) Log K1 2) LogK2 (umol/g) (umol/g) (umol/g)
SWHA 9.59 4.42 4.24 9.68 13 nd 96.5
FPHA 9.01 422 191 9.86 4 nd 100
LAHA 746 4.59 2.31 9.72 0.1 nd 26
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Figure 1.1 A hypothetical structure of humic acid. Molecular formula of C3pgH328090N5 and
molecular weight of 5540 Da [15].

Aromatic components of HAs

The aromatic components of HAs are either condensed or non-condensed depending on
their formation. Non-condensed aromatic components mainly originate from lignins or tannins
containing plants, while the condensed ones are via charring of plant materials in volcanic ash

soils that yield either charred plant materials or charcoal [16]. Oxidative degradation of HA via
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bleaching with NaCIlO has been reported to eliminate a significant amount of the non-condensed
aromatic moieties from lignins or tannins within HAs [17, 18]. The condensed aromatic moieties
are resistant to oxidation via bleaching [19]. Phenols, aldehydes and acids are released from
lignins during microbial breakdown of parent plant matter and are converted to quinones via
enzymatic reactions forming humic-like macromolecules [10].
Carbohydrate components of HAs

Carbohydrates in NOM originate mainly from plants in the form of cellulose,
hemicellulose and simple sugars. They comprise approximately between 5-25% of soil organic
matter (SOM). Carbohydrates play important roles in complexing metal ions and also bind
inorganic soil aggregates. Soil carbohydrates can be classified into three main groups:
polysaccharides, monosacharrides and oligosacharides. Acid hydrolysis has been reported to
eliminate a significant fraction of extractable carbohydrates and amino acids from NOM [10,
20], with the exception of the non-hydrolyzable N-containing moieties which comprise between
20 to 35% of the total N in soils [10].
Aliphatic components of HAs

The aliphatic components of NOM are comprised of various components: alkenes,
alkanes, n-alkyl, fatty acids, alcohols, polynuclear hydrocarbons, resins, terpenes, sterols, fats,
and waxes [21] [22]. A major source of the aliphatic components are lipids where the typical
concentrations of lipids in SOM range-between 1.2-6.3 % of total organic carbon [22]. Soil lipids
are soluble in organic solvents such hexane, benzene or dichloromethane [23]. Soil lipids can
partition into organic solvents and be extracted from the bulk soil. Specific lipid components that
can be extracted with the organic solvents are long chain fatty acids, higher aliphatic alcohols,

long chain alkanes, and esters [24], [21, 25, 26]. Lipid extraction is usually achieved using either



a combination of organic solvents such as a benzene:methanol azeotrope [27] toluene:methanol
azaeotrope [21], chloroform:hexane azeotrope [23], or a single organic solvent such as ethanol
[28]. Extraction using the benzene:methanol azeotrope has been shown to extract a wide range of
lipids in HAs [24].
Sulfur in HAs

The sulfur content and its occurrence, whether organic or inorganic, varies with the
environment where the HAs form. Aquatic HAs usually have the reduced form of organic
sulfides [29] while terrestrial HAs have the oxidized form of organic sulfur [30]. The reaction of
thiols with quinones and reducing sugars results in the formation of C-S-H complexes that occurs
as structural components in HAs [10].
1.2 Interaction of HAs environmental components

HAs have a wide structural diversity including hydrophobic and hydrophilic domains.
This endows HAs with the potential to interact with a range of environmental components
including the living and nonliving components as described below. Interaction of HAs with cell
membranes at acidic pHs has been shown to influence the permeability of cell membranes to
lipophilic solutes and to pollutants [2, 31]. Adsorption of HAs to phytoplankton cells and fish
gill at acidic pH has equally been demonstrated using the electrophoretic mobility of living cells
[31]. In addition, HAs have been shown to adsorb to marine phytoplankton and influence the
bioavailability of Pb [32]. Though the interaction of HAs with cell membranes at acidic pHs, it
has been shown the mechanism governing these interactions is still an open question.

The presence of strong metal binding sites within HAs leads to the formation of HAs-
metal cation complexes, this leads to HAs playing a major role in metal speciation and hence fate

and transport within natural waters. Specific functional groups within HAs such as phenols,



carboxyls, and thiols have the potential to bind metals [33, 34]. HAs binding metals may lead to
a decrease in the bioavailability and the toxicity of the metal as the metal will be in a complex
form rather than free metal ion [35]. HAs have been shown to decreases the bioavailability of Cd
[36-39] and Cu [39-42] to phytoplankton.
1.3 Oxidation-Reduction Reactions

HAs play a major role in redox reactions that occur naturally in the environment since
they have redox potentials attributed to their functional groups, such as quinone-hydroquinone
[43-48] as well as other non-quinone functional groups [49]. The redox potential of HAs varies
with the origin of HAs (note it has been shown that fulvic acids can exist in an oxidized state in
one environment and in reduced state in another environment [50]). The substituent’s on the
quinone groups play a role in the redox potential of a given HAs. The reduction of metal ions
such as Cr ** [51, 52], U ** [53], and Fe ** [54] by HAs have been previously demonstrated. The
potential of HAs to reduce various other components such as substituted nitrobenzenes [55] and
chlorinated aliphatic compounds has equally been shown [56, 57]. The electron transfer potential
of HAs endows them with the potential to reduce oxidized metal ions. The electron-carrying
capacity of HA is a measure of the redox potential and is measured as the number of the mole
equivalents of electrons transferred from a donor to an acceptor per gram of HA and varies
among HA samples [45, 46, 58, 59]. HAs have redox potentials of 0.5-07 V [60]. The redox
potential of HAs endows them with the potential to reduce various environmental components,
including metal ions, in addition to taking part in photochemical redox reactions in aquatic

environments.



1.4 Aggregation of HAs

Aggregation of HAs mainly occurs at acidic pHs. The driving force for aggregation is
mainly caused by thermodynamic stability and hydrophobic effects. At acidic pHs, HAs have a
low overall negative charge which makes it less stable; as a result, the hydrophobic moieties
within it interacts via hydrophobic interactions resulting in the aggregation of HAs molecules
[61]. The formation of aggregates by HAs in solution at low pHSs, high concentrations and high
ionic strengths has been reported [62-64]. HAs aggregates have equally been observed using
various techniques such as light scattering [65, 66], fluorescence spectroscopy [67], fluorescence
correlation spectroscopy [68], atomic force microscopy [69], turbidimetry [70], and via

predictions of molecular mechanics [62].

Protonation of HAs at acidic pHs has been shown to decreases the reactivity of
carboxylic functional groups, hence decreasing electrostatic repulsion within HA macromolecule
and enhancing the potential of HAs aggregation [71]. The information about the exact aggregate
size and the stability of the aggregate is still a controversy. Despite this, several studies have
demonstrated that the size of HAs aggregates increase with decreasing pH and decrease with

increasing pH and that aggregation occurs in highly concentrated HAs solutions [65, 72, 73].

1.5 Analysis HAs

Elemental analysis of HAs is typically done by the determination of the percent carbon,
hydrogen, oxygen nitrogen and sulfur. The amount of carbon is usually reported as total organic
carbon; this is obtained after subtracting inorganic carbon from the total carbon. Elemental
analysis data of HAs from the aquatic, terrestrial and coal HAs used in the work presented in this

thesis is illustrated in Table 1.3 below.



Table 1.3 The percent elemental composition of HAs from various sources [74].

C (% H (% 0 (% N (% S (%

Humic acid | Weight) [ Weight) Weight) Weight) Weight)
SWHA 52.55 4.4 42.53 1.19 0.58
FPHA 56.37 382 37.34 3.69 0.71
LAHA 6381 3.7 31.27 123 0.76

The percent elemental composition of HAs from various sources differs as can be seen in
Table 1.3 above. The carbon and the sulfur contents of Leonardite humic acid (LAHA) are
greater than for Suwannee humic acid (SWHA) and Florida peat humic acid (FPHA). SWHA on
the other hand has a higher content of hydrogen and oxygen, with the lowest content of carbon
and sulfur. FPHA has the highest content of nitrogen. LAHA has a high H/C (17.25), followed
by FPHA (14.76), while SWHA has the lowest (11.94). This implies that LAHA has the most
aromatic character of the three followed by FPHA then SWHA. Based on the above table, the
elemental make-up of HAs varies greatly with the source.

Analysis of HAs by use of UV spectroscopy is usually employed to approximate the
concentration of HAs, which is typically achieved by measuring the absorbance of HAs at 254
nm [75]. However, due to the presence of multiple types of chromophores in the structure of
HAs, a broad spectrum with no specific observable feature is always obtained. The aromatic
content of HAs can be roughly estimated by the use of specific UV absorbance (SUVA), which
is basically an absorbance at a specific wavelength divided by the dissolved organic carbon
concentration. SUVA of HAs at 254 or 280 nm correlates well with aromatic carbon content,
based on **C NMR, *H NMR and FTIR data [76-79].

Estimation of the molecular weight (MW) distributions of HAs is conventionally

achieved by wusing high performance size exclusion chromatography. Size exclusion

8



chromatography is a separation technique in which larger molecules elute first, hence exhibiting
a faster retention time while the smaller molecules interact with the stationary phase and are
eluted much later [80]. HAs from different sources have been shown to have varying molecular
weight (MW). For example soil HAs have a MW of approximately 79 kDa, while a coal-derived
humic acid’s MW is approximately 130 kDa [81]. Aquatic HAs have smaller MW than soil HAs
and coal-derived HAs with MW values of approximately 17-57 kDa [82-84]. It has been shown
that much lower MW values can be obtained through the addition of uM to mM concentrations
of certain compounds that are capable of disrupting hydrophobic/hydrogen-bonding forces [82-
84]. These findings agree with the supermolecular model of NOM and suggest that NOM is
made of weak associations of low MW (< 2 kDa) molecules, e.g. weak assemble molecular
assemblies (WAMAS).

Studies have shown that HAs contain two major fluorophores attributed to protein-like
and humic-like molecules [85] [80, 86-90]. The protein-like conclusion was arrived at by
comparison to the characteristic excitation and emission wavelengths of tyrosine and tryptophan
amino acids at approximately 240 to 325 nm and 300 to 400 nm, respectively. It has been
proposed that the humic-like type of fluorophore may originate from quinone-like moieties.
Cook, et al. showed that the quinone-like moieties with less conjugated humic materials emits
fluorescence between approximately 375 to 475 nm upon excitation at approximately 240 to 325
nm whereas quinone-like moieties with a more conjugated nature emit at wavelengths of 450 to
550 nm upon excitation at 250 to 370 nm wavelength [90]. A highly humified NOM s
characterized by high amount of quinone-like molecules, particularly the more conjugated type

of quinones.



Nuclear Magnetic Resonance (NMR) has been widely used to identify the various
structural components of humic acids. Analysis of HAs by use of *H NMR usually results in
poorly resolved spectra due to the highly complex nature of HAs and the small chemical shift
range of *H NMR when applied, whereas the use of liquid state *C NMR has difficulty in
obtaining accurate quantitation and also requires long acquisition times for the analysis [91] [92].
Solid state *C NMR is more versatile and is the most preferred method for structural
characterization of HAs [93]. This technique involves the use of cross-polarization (CP) which is
associated with the following advantages: 1) faster acquisition time compared to the liquid state
3C NMR; 2) a dry homogenized sample is used hence little sample preparation is necessary; 3)
non-invasive; and 4) semi-quantitative data can be obtained [90-93].

3C Ramp-CP NMR has been implemented for the analysis of humic acids. This
technique involves the use of high magnetic fields as well as a fast sample rotation which
significantly enhances the signal-to-noise ratio and the resolution [94] [91] [90, 92]. Ramp-CP
studies have indicated that fulvic acid (FA) has high aliphatic moieties contents as well as polar
components mainly attributed to carbohydrates and a substantial amount of unsubstituted
aromatics [91, 92]. On the other hand, HA is comprised of a high proportion of large aliphatic
groups and substituted aromatic moieties. This is consistent with the literature findings that FA
contains more polar functionalities while HA is more reduced and more aromatic in nature [91]
[90, 92]. Analysis of peat HAs with two-dimensional solid state *H-'3C HETCOR NMR hinted at
the presence of significant amount of aromatic functionalities covalently-bonded methoxyl
groups, this implies these HAs were derived from lignin containing plant materials, nonpolar
alkyl moieties were also detected and the proximity of between O-alkyl domains and aromatic

functionalities were determined [95, 96].
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1.6 Membranes

Cell membranes play an important role in many biological processes as a regulatory
barrier for the exchange of materials between the internal cell cytoplasm and the external cellular
matrix via active and passive transport mechanisms. Cell membranes are typically made up of
three main components: phospholipids, proteins and carbohydrates. The phospholipids are
usually arranged as bilayers and are the main players in the structure and the functioning of the
cell membrane while the carbohydrates are mostly found on the surface of the cell membrane
and the proteins are either embedded or attached to the surface and offer structural roles for the
cell membrane [97].

Investigations on the potential of toxins crossing over the cell membranes to the interior
of the cell were traditionally carried out using real cells such as cell cultures and animal cells.
However these studies have major drawbacks in regards to obtaining accurate quantitative
results, reproducibility of the results, and the cost and the time involved in growing the cultures
and the cells [98]. This therefore led to an effort to come up with a simplified model system that
could mimic the real cell membranes in an attempt overcome the drawbacks of using real cell to
gain insight into understanding the basic fundamental physicochemical properties of cell
membranes [98].

Lipid vesicles, also known as liposomes, were first discovered by Sir Alec Bangham and
collaborators in the early 1960°s [99] when they discovered that amphiphilic molecules, such as
phospholipids, self-assemble into sphere-shaped structures consisting of single or multiple
bilayers when dispersed in an aqueous medium [99, 100]. The hydrocarbon tails usually form the
internal hydrophobic core of the membranes while the hydrophilic regions are made up of the

phosphate heads which are oriented at the surface of the membranes.
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Liposomes have extensively been used as simple model system to mimic the cell
membrane since they are similar to the cell membranes in regards to their self-closed structure
which is similar to the plasma membrane structure of eukaryotic cells and in their capability to
entrap and capture polar molecules [98]. In addition to their simplicity, it is possible to prepare
liposomes with specific properties designed for specific application by varying the lipid
composition, lamellarity, size, and surface charges. The use of liposomes as cell membranes
models dates back to 1968 [100] and have been applied in food technology [101], analytical
purposes [102], pharmaceutical [101], artificial cell studies [103], and among others. They have
been widely used to study the interaction of membranes with different types of molecules such as
small water-soluble molecules, peptides, complexes, macromolecules and ribosomes [104], Their
wide applicability is a result of the ease involved in their preparation, their handiness and the
easy with which molecules can be entrapped into their interior.

In general, different cell types have different membrane composition and charges. Studies
have shown that it is possible to prepare a lipid vesicle that mimics a particular organism or
tissue especially if the tissue or organism lipid composition is known. A good example is the
preparation of the antimicrobial peptides that target various bacteria [105]. The choice of the
phospholipid is usually based on the charge and the main-phase transition temperature of the
vesicles targeted. Vesicles are mostly prepared from phosphatidylcholines, since they are
zwitterionic, i.e. carry no net charge, and are most abundant in eukaryotic cells. Similarly, most
of the lipids in the plasma membranes of prokaryotes and eukaryotes are made up of acyl chains
[98].

In vesicle preparation, it is important to ensure that the vesicles are mostly monolamellar

and have a monodisperse size distribution. In addition, the stability and the encapsulation
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efficiency of the vesicles should equally be high. Vesicles can be prepared by dispersing
phospholipids in an aqueous solution, which results to the formation of the multilamellar vesicles
(MLVs). Large unilamellar vesicles (LUVs) of 100-200 nm are generated from the MLVs by
extrusion of the MLVs through a pore membrane of an appropriate size [106, 107]. Small
unilamellar vesicles (SUVs) with diameters of 20 nm to less than 100 nm can be prepared by
sonication methods, while giant vesicles of sizes ranging between 5-200 mm can be prepared by
electroformation which involves a controlled swelling of the lipid film in an aqueous solution
under the influence of an electric field [108]. The size, lamellarity and charge of the vesicles can
be determined by dynamic light scattering, electron microscopy, zeta potential measurements, or
electrophoretic mobility [107].

It has been shown that vesicles with varying degrees of complexity that mimic the
complexity of cell membranes of organelles in eukaryotic cells can be prepared by either
modulating the vesicles membrane surface charge or composition of the phospholipid in various
ways [98] [109]. However, these kinds of systems are rather inappropriate for the determination
of fundamental mechanistic information especially at a molecular level. Lipid vesicles, which are
very simplified models, can yield fundamental molecular level mechanistic information in a
much simpler way as compared to complex systems [98] and could help determine the
mechanism of interaction of HAs with biomembranes based on the mechanisms that are justified
and relevant to the molecular system on or in the liposome.

Membrane permeability, as a result of the interaction of vesicles with various
components, can be investigated by fluorescence spectroscopy using entrapped fluorescent
molecules to investigate a possible change in the vesicle permeability [6]. These studies monitor

increased membrane permeability usually indicated by dye leakage as an indicator of membrane
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perturbation. This approach was used in this study to investigate the interaction of HAs with
biomembranes by monitoring leakage of a fluorescence probe as induced by the interaction of
HAs with biomembranes. A more detailed discussion is presented below.

Lipid bilayers exist in various lamellar and nonlamellar phases as a result of factors such
as temperature, pressure and the surrounding solvent [110]. It has been shown that weak first-
order processes dominate the main phase transition of the lipid bilayers [111]. Melting of the
crystalline phospholipid lattice and acyl chains occurs at the T, resulting to a change in the lipid
bilayer phase, from solid crystalline phase to liquid crystalline phase [112] [113].

The permeability of a one-component phospholipid bilayer to small water soluble
molecules, such as fluorescent dye molecules, is higher at the main phase transition temperature
(Tm) and decreases at temperatures above and below the T, when the bilayers are either all-gel or
all-fluid [114-120]. At the Ty, the gel and the liquid crystalline phases coexist in the vesicle
membrane thus resulting in packing defects in the phase boundaries between these coexisting gel
and liquid crystalline phases. These packing defects occur as a result of either fluctuations in the
lateral compressibility of the bilayers at Ty, [120-123] or acyl chain packing mismatches at the
boundary between gel and fluid domains [114, 116, 117, 124]. At the Ty, higher leakage occurs
in phospholipids with shorter acyl chain length, and vice versa (at T, C14 > Ci6 > C15> Cy)
[118]. The lipid molecules at the domain interfaces are subject to lateral density fluctuations,
which are inversely proportional to the acyl chain length; this causes a maximum in the bilayer
permeability at T, [120, 122, 123] [121]. The POPC palmitoyl chain is usually disordered in
liquid crystalline phase due to constrain constraint caused by direct bonding of at least one oleyl
chain among its nearest neighbors [125]. For this study POPC phospholipids were used to mimic

the biomembranes of simple unicellular organisms since they are neutral and they form a
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significant fraction of the phospholipids in eukaryotic cells [98], as well as its phase behavior in
term of T,. POPC has a phase transition temperature of Ty, of -2.5 +2.4.[126]. POPC, has a
molecular formula of C42Hg,NOgP with a molecular weight 760 and an acyl chain of C 16:0 —

18:1 shown below in Figure 1.2.
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Figure 1.2 The structure of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)

Investigations into the interaction of HAs with model biomembranes using wide-line *'P
NMR at varying temperatures indicated that HAs absorb to the biomembranes surface
influencing the permeability of the biomembrane and altering the structure of the membrane via
interactions with its lipid components. This study further revealed that at temperatures above the
Tm melting of the acyl chain takes place, resulting to less head group packing, utilizing
fluorescence leak experiments (see discussion below).
1.7 Nanoparticles

Nanoparticles (NPs) are basically defined as particles with at least one dimension below
100 nm in size. This definition places NPs in the same size domain as natural colloids [127].
The presence of both NPs and colloids in the environment has been studied by several groups
[128, 129]. NPs may occur naturally in the environment, such as with soil colloids [129], or may
be formed unintentionally and introduced into the environment in which case they are usually

referred to as incidental NPs. For example, incidental clusters of NPs could be generated during
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milling, combustion, welding or grinding. In addition, NPs with specific properties are designed
and synthesized for specific applications. These NPs are referred to as engineered nanoparticles
(ENPs).

ENPs have found wide applications in various sectors such as in industry, electronics,
and the medical field as well as in consumer products [130-132]. It was estimated that the
production and use of NPs was at 10 billion in 2010 and is projected to rise to one trillion by
2015 [133, 134]. This therefore implies that significant amounts of ENPs will eventually end up
in the environment either as waste or spills during production, transport and use of the
nanoproducts.

The wide application of NPs is due to their unique properties that are derived from their
high surface area to volume ratio. The reactivity of materials is dependent on its surface area
which increases with decreasing particle size. This means that NPs have different properties from
their bulk counterparts; a good example of this is gold. Bulk gold metal is chemically inert while
gold NPs are very reactive and are used in industries for catalysis [135, 136]. Interest in the
production and use of engineered nanoparticles (ENPS) is growing at a rapid rate due to the wide
applicability of these particles in various sectors.

NPs are typically made up of three main parts, namely the core; which is metal and is
responsible for the unique properties of NPs, a shell, and a cap. NPs are named based on the core
identity. A shell may be added around the NPs core. To control the growth of the NPs during
their synthesis and to prevent them from aggregating, they are usually coated with ligands, or
surfactant which binds to NPs surface via attractive interactions such as electrostatic attraction,
chemisorptions, or hydrophobic interaction attributed to the ligand head group. The surface of

NPs is very important as all the chemistry of the NPs occurs on the NPs surface and is dependent
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on the surface area to volume ratio of the NPs. In addition, the NPs” surface is usually the one
that is in contact with other components such as with biomembranes or other environment
components. The composition of the surface of NPs is chosen to suit the application of the NPs.
In addition from a toxicity perspective the surface of the NPs has the potential to reduce or
increase toxicity of the NPs in question [137].

Upon aggregation or precipitation, NPs lose their size properties as they no longer have
the larger surface area to volume ratio. In order for NPs to stay suspended in solution, they are
usually coated with a molecule, surfactant or an ion bound to the surface of the NPs to enhance
their dispersion in solution. Metal NPs can be prepared via two main methods; chemical means
or physical means. The later involves generation of NPs from bulk metal via different
distribution techniques. Chemical means on the other hand involves the formation NPs by
reducing a metal salt in solution chemically using various reducing agents followed by the
stabilization of the NPs formed [138-142]. Stabilization of the NPs can be achieved by
electrostatic repulsion or steric hindrance mechanisms.

Both gold and silver NPs can be prepared via the chemical method discussed above. Gold
or silver metal ions are reduced to zero valences then stabilized with appropriate stabilizing agent
to prevent their aggregation. Various components have been used to reduce gold and silver such
as sodium borohydride [143], ascorbic acid [144], aliphatic amines [145], HAs [146], H, gas
[147], ethylene glycols [148], ethanol [149], and Tollen’s reagent [150] just to mention a few.
Similarly various molecules have been used to stabilize Au and Ag NPs [151, 152]. Sodium
citrate and alkanethiols are the most commonly used generating particles with size ranging

between 13-100 nm [140, 153, 154] and between 5-10 nm [139, 155] respectively.
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NPs of noble metals such as gold and silver are characterized by intense colors. These
colors are attributed to surface plasmon resonance SPR, which occur as a result of the
interactions between oscillating delocalized electrons on the NPs surface with an electromagnetic
field [156]. NPs of gold and silver display surface plasmon resonance peaks (SPRPSs) in the UV-
Vis region when irradiated by light [157]. Stabilized gold NPs have a characteristic deep red
color, which present a surface plasmon resonance peak at 550 nm [152, 156, 158], while
stabilized silver NPs have a yellow color and presents a surface plasmon resonance peak at 414
nm [153]. The position and width of the SPR peak varies with size of the NPs [159]. As a result
the SPRP can be used to determine the NPs size upon interaction with other molecules [160]. A
decrease in NPs size results in a blue-shifted SPR peak and an increase in NPs size results in a
red-shifted SPR peak [161].

Silver NPs have been shown to be toxic to aquatic and terrestrial organisms. Several
studies have investigated silver toxicity to bacteria [162] [163-166]. In spite of their toxicity, Ag
NPs are used widely in industry and in a variety of consumer products [167] [168]. As such they
are likely to be released into the environment in significant amounts [169]. Thus understanding
their natural formation and their interaction with organisms in the environment is very important.
Although gold as a bulk metal is inert, Au NPs have unique size-related and tunable electronic,
magnetic and optical properties [152]. In addition they are relatively inert and stable. Gold NPs
were used in these studies to provide a base understanding to help in future work in relation to
their potential to influence the bioavailability of nutrients [170, 171] and contaminants [172,
173] that could be adsorbed to their surface coating to aquatic organisms as they could be also
present in the environment in significant amount as a result of their wide applicability and from

various natural sources.
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1.8 Methods of HAs, Nanoparticles and Biomembranes Analysis
1.8.1 Fluorescence Spectroscopy

Fluorescence spectroscopy is a sensitive, non-destructive and relatively inexpensive
technique that is typically used to study HAs and membrane permeability [6]. Fluorescence is a
form of luminescence that occurs mainly from an excited state thermally equilibrated
fluorophore [174]. Upon excitation of a fluorophore with light of appropriate wavelength, the
fluorophore absorbs a photon which promotes an electron to higher energy level, e.g. to an
excited state, from where it relaxes via the emission of a photon. The processes involved in
fluorescence occurs in different time frames; light absorption by molecules in ground state
occurs in approximately 10" seconds, relaxation of the excited state molecule to a thermally
equilibrate state takes place in about 10™? seconds and the emission of a photon via fluorescence
occurs in 10® seconds. Apart from emitting fluorescence a fluorophore in a thermally
equilibrated singlet excited state could cross over to the triplet state from where it could emit a
photon in 10 to 10°® seconds. Emission from the triplet state is referred to as phosphorescence;
however, these emissions are very rare as they are of lower energy and they take longer time than
fluorescence since these electronic transitions are forbidden. Processes that take place in
fluorescence directly from the absorption of light to the emission of light are illustrated by a

Jablonski diagram as shown below in Figure 1.3 [174].
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Figure 1.3 The Jablonski diagram illustrating the transitions that occur between absorption of a
photon to the emission of the photon.

Fluorescence emission occurs at a longer wavelength than the excitation wavelength. An
excitation spectrum is usually measured at a single emission wavelength and an emission
spectrum is measured at a single excitation wavelength. A shift between excitation and emission
occurs resulting to the wavelength of fluorescent light being greater than the wavelength of the
exciting light [174]. This shift is mostly caused by loss of energy due to molecular re-
arrangements that come about in order to minimize the energy of the excited state and ground
state after the electron is excited and relaxes, respectively as well as associated vibrational losses,
this shift phenomenon is called the Stokes shift and was first noted by George Gabriel Stokes in
1952 [174]. The absorption and the emission spectra of most fluorescent molecules are mirror
images of each other with a few exceptions in cases where transitions are not vertical. In the case
of these molecules the mirror image rule does not occur as a result of change in position of nucleli

in the excited state.

20



Excitation of a fluorophore may involve the use of a continuous source light to measure
instant emission in which case these measurements are called fluorescence steady state
measurements or a pulsed source of light may be used to measure decay in intensity or
anisotropy. These types of measurements are the fluorescence lifetime measurements. The most
common type of fluorescence measurement is the steady state measurement, which uses a steady
continuous source of light. Various fluorescence experiments have been used to analyze HAs
such as fluorescence excitation-emission matrix, fluorescence emission and synchronous scans
[175]. Encapsulation of a fluorescent probes within the vesicles makes it possible to investigate
the molecular interactions of HAs with model biomembranes via fluorescence leakage
experiments. Campbell and coworkers investigated the permeability of model membranes in
presence of HAs using fluorescence leakage experiments [31]. The studies presented in this
thesis probes HAs biomembranes perturbation mechanisms and kinetics and the interactions
between HAs and model biomembranes and the natural NPs using steady state fluorescence
measurements.

Leakage of sulforhnodamine-B ( SRB)

The investigations involving the mechanism of interactions HAs and chemically edited
HAs with model biomembranes were probed by monitoring the leakage of the fluorescent probe
SRB using fluorescence spectroscopy. These experiments were performed by encapsulating SRB
inside the vesicles and upon interaction with HAs, chemically edited HAs and NPs formed with
the same HAs, and monitoring the leakage of SRB dye into the surrounding solution as measured
by fluorescence spectroscopy. Complete rupture of the vesicles can be attained using a detergent.
LUVs were used in this study since they are stable as compared to SUVs in addition to their size

of 100 nm which is close to the size of simple unicellular organisms such as bacteria. SRB dye
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was used in this study because of its high aqueous solubility over a wide range of pH values and
its chemical stability as well as it high molar absorptivity approximately 120 000 at 565 nm

[176].

(H3CH,C),N

Figure 1.4 Structure of sulforhodamine-B (C,7H3N,0+S,), formula weight =558.66 g/ mol

As mentioned above, detergents are known to disrupt the molecular ordering of lipid
bilayers and have been used to disrupt lipid membrane of various biological samples [6, 177]
Triton X-100 (t-octyl-phenoxy polyethoxy ethanol) is a part of the surfactant amphiphilic
pollutants family commonly found in the environment as a result of industrial use. TX-100 is
also non-fluorescent. TX-100 was used in these studies mainly because it is a non-fluorescent
surfactant and its non selectivity in dispruting membranes [178]. The critical micelle
concentration (CMC) of TX-100 is 0.24 mM. Other properties of TX-100 includes: nontoxicity,
hydrophilicity, and high degradablilty and it is also neutral [177]. TX-100 has been used

extensively in other literature studies of disruption of biomembranes [6].
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Figure 1.5 The structure of TX-100 (t-octyl-phenoxy polyethoxy ethanol)

1.8.2 Dynamic Light Scattering

When small particles are illuminated by light, they scatter light in all directions via
Rayleigh scattering, causing fluctuations in the intensity of the scattered light by the particles.
The mean particle size can then be determined by measuring the fluctuations in the intensity of
the scattered light at a particular scattering angle; (6) by a photon detector [179]. DLS is a
conventional method used to determine the mean size distribution profile of liposomes in the nm
range [6]. A typical commercial DLS instrument has the potential to measure mean particles
sizes of between 1 nm to 250 nm. The scattered light undergoes either constructive or destructive
interference by the surrounding particles. The decay time distribution for auto-correction
functions is determined and the hydrodynamic diameter is calculated using Einstein relation as
shown in equation 1.1.

RH = KT/6mnD 11
Where

RH is hydrodynamic ratio,

K is the Boltzmann constant,

T is the temperature of the sample,
n is the solvent viscosity

D is the diffusion coefficient.
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1.8.3 Solid State Ramp Cross-Polarization Magic Angle spinning (CP MAS) *C NMR

The use of *C NMR for the analysis of HAs dates back to the 1970’s. *C NMR is a
much less sensitive technique compared to *H NMR yet it is the method of choice for elucidating
the structure of organic molecules in solid samples. Solid state **C NMR has previously been
used to characterize HAs. However, the spectra generated usually have poor signal-to-noise
ratios since **C is less abundant in nature, approximately 1.1%. In addition, these experiments
take longer to obtain a decent NMR spectrum since there are no strong homonuclear dipolar
interactions to induce relaxation transitions.

Line broadening is the main cause of poor resolution in a *C NMR spectrum as it either
eliminates or obscures the individual NMR peaks. Line broadening is caused by a combination
of both dipolar interactions between '*C spins and 'H spins and also by chemical shift
anisotropy. Chemical shift anisotropy occurs as a result of changes in chemical shift due to the
orientation of the molecule or part of the molecule with respect to the external magnetic field.

Line broadening can be eliminated by magic angle spinning which involves rotating the
sample rapidly at frequencies higher than 2 kHz at 54.7° with respect to the applied magnetic
field. Long acquisition times can be overcome by the use of cross-polarization techniques since
the recycling delay is dependent upon the spin-lattice time Ty, or relaxation of the abundant *H
spins, which are much shorter than T; of *3C [93]. Although magic angle spinning helps in
eliminating line broadening, it is associated with complicating the Hartmann-Hahn match
condition, shown mathematically below, and significantly disrupts cross polarization transfer

when the spinning rate approaches the dipolar coupling constant [180].
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The Hartmann Hahn equation

Yu®Wyg = YcW¢ 1.2

where:

vy 1S the gyromagnetic ratio of 'H

w, is the gyromagnetic ratio of *C

wy, is the radio frequency field on the *H
wc radio frequency field on the *C

Due to a combination of all of the above factors, a ramped amplitude contact pulses on
one of the spins is usually used to increase the cross-polarization efficiency under magic angle
spinning [181, 182]. The use of ramped amplitude cross-polarization in combination with magic
angle spinning results in enhanced intensity and less susceptibility to fluctuations in the
Hartmann-Hahn match. Therefore solid state ramp-CP MAS *C NMR was used in the
characterization of the chemically edited HAs.

In a typical solid state Ramp-CP MAS *C NMR experiment (illustrated in Figure 1.6), a
90° pulse is applied to the abundant *H spins. This induces the magnetization of these spins.
During cross-polarization (CP) a Hartmann-Hahn match is achieved, and magnetization from *H
spins are transferred to *3C spins. Dipole-dipole interactions between the same nuclei
(homonuclear) and between different nuclei (heteronuclear) dipolar couplings also occur during
the CP process, where the homononuclear dipolar coupling of *H are much more significant than
those of **C which can be neglected as homonuclear dipolar couplings depends on the natural
abundances of spin %2 nuclei [183]. The final step of the CP process involves the removal of the
heteronuclear dipolar couplings during acquisition by irradiating the proton resonance frequency
with a strong radio frequency field. Protons from the same molecule or from a different molecule

are responsible for the transfer of magnetization in the CP process.
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Cross-polarization also results in a signal enhancement of approximately 4x, since ’;—” =4,
c

in addition to the faster acquisition times. Spinning the sample at the magic angle reduces line-
broadening effects that are primarily caused by chemical shift anisotropy [91, 93] that are
common in aromatic, carbonyls, and alkene carbons, as compared to other carbon types [184]
[91]. In addition, homonuclear and heteronuclear dipolar couplings are greatly suppressed
because they contain a (1 — 3 cos? 8) term which goes to zero at the magic angle when the
sample is spun rapidly. It has been reported that the dipolar coupling is reduced by 50% when

sample is rapidly spinned under a spin-lock field [185].

Ramp
o .
S| Spin Decouple
IH lock
Acquisition
Contact
130 time

Figure 1.6 The pulse order of a typical solid state Ramp-CP-MAS **C NMR

A Ramp-CP experiment is associated with the following advantages: 1) an exact
Hartmann-Hahn match is achieved, even with highly complex samples such as NOM; 2) this
exact match improves resolution, because it allows for cross-polarization for the different carbon
types present; and 3) this overcomes the narrowing of the Hartman-Hehn condition at high

sample spinning speeds [91, 93].

26



1.8.4 Transmission electron microscopy (TEM)

TEM was developed in Germany by Max Knoll and Ernst Ruska in 1931. TEM imaging
of NPs gives information about the size, size distribution, morphology, and the shape of the NPs.
Resolution down to atomic level can be obtained as a result of short de-Brogli wavelength of
electron. TEM is composed of three main components; an electron gun for generating electrons,
electromagnetic lenses for focusing the electron beam, and a detector for recording the image. A
beam of electrons from the electron gun is focused onto a sample and the transmitted electrons
are projected onto a detector. The image formed is then focused, magnified and detected. TEM
imaging is done under a high vacuum to prevent deflection of electrons by gas molecules.
Resolution in TEM can be improved by increasing the acceleration voltage of the electrons since
the increase in voltage decreases the wavelength of electrons; this, however, worsens the contrast
since the scattering of the electrons is inversely proportional to their velocity. A high contrast is
only possible in samples with high electron density [186].

Cryo-TEM

The instrumentation and the operation principles of cryo-TEM are very similar to that of
a conventional TEM except it images specimens in a frozen hydrated state while the
conventional TEM images dry specimens. As such, it has an additional component: a special
sample holder that has small dewar for liquid nitrogen used for cooling the sample, this is what
makes characterization of samples with a cryo-TEM a success because inadequate cooling of the
vitrified sample damages the sample [187]. Cryo-TEM has been used by other research groups as
well to characterize liposomes [187]. In the studies covered in this thesis, cryo-TEM was used
determine the size and shape of the lipososmes as a complementary technique to fluorescence

spectroscopy to visually investigate the interactions of HAs and naturally formed NPs with
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model biomembranes. Conventional TEM was used to characterize the Au and Ag NP formed in
the presence of HAs and chemically edited HAs.
1.8.5 UV-Vis Spectroscopy
UV-Vis spectroscopy measures the absorbance of ultra-violet and visible light by
molecules at different wavelengths. UV-Vis spectroscopy has been used previously to confirm
the formation of NPs of noble metals such as gold and silver. An absorption spectrum shows
absorption bands corresponding to particles of different sizes. NPs of different sizes absorb UV-
Vis radiation of different wavelengths, as discussed above for Au and Ag NPs. UV-Vis
absorbance was used in this study to confirm the formation of gold and silver NPs and to
determine their polydispersity and the aggregation by monitoring the characteristic SPRP. In
addition it was used to quantify the amount of NPs formed as absorbance (A) is directly
proportional to concentration (c) as long as the path length (b) and the extinction coefficient (&)
are constants following Beer's Law.
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Chapter 2. Spectroscopic Study of the Mechanism by which Humic
Substances Interact with Biomembranes

2.1 Introduction

Humic substances (HSs) are the major components of natural organic matter (NOM).
They are prevalent throughout the environment, including terrestrial, aquatic and coal areas,
where they play diverse and significant environmental roles. They are formed as a result of the
microbial breakdown of plant matter that contains proteins, cellulose, lignin, lipids, cutins and
cutans. This leads to the formation of a complex, heterogeneous and polydisperse mixture with
diverse functional groups ranging from hydrophobic moieties, such as aliphatic, aromatic,
aldehyde, methoxyl, ketone, and thiol groups, to hydrophilic moieties, such as phenolic, quinolic,
carboxylic and hydroxylic moieties [1-4]. This endows them with unique properties, such as the
potential to interact with organic substances, metals, nutrients and biological surfaces [1, 5]. In
addition, the amphiphilic nature of HSs favors their aggregation in solution [6] and their
accumulation on surfaces [5]. As a result, HSs interact with hydrophobic organic compounds,
thus strongly affecting the fate and transport of these compounds, as well as their bioavailability
within the environment [7, 8]. It is therefore clear that one of the key processes controlling the
transport, bioavailability and, hence, the toxic effect of xenobiotic pollutants to living organisms
is the interaction of these pollutants with HSs.

The interactions of HAs with biomembranes and its influence on the bioavailability and
toxicity of both inorganic and organic pollutants are of importance and interest to the
environmental community. It has been found that HAs can both decrease and increase the
bioavailability and toxicity of xenobiotic pollutants in the environment. The pollutants in these
cited studies range from metal ions [9-16] and to organic molecules [17, 18] to nanoparticles

[19]. In parallel, the interactions of HAs with biological surfaces have been monitored by several

44



techniques including electrophoretic mobility measurements [5, 20], adsorption isotherms [21,
22] and transmission electron microscopy [5]. These techniques have been used to investigate
various types of biological surfaces such as those of fungi [23], bacteria [24], fish gills [5], and
phytoplankton [5, 25]. Adsorption of HAs to living cells was illustrated by the physiological
interaction of HAs with soil bacteria by using dielectric measurements to compare the properties
of HAs with synthetic surfactants [7]. The pH dependent ability of HAs to increase plant
membrane permeability to xenobiotic pollutants has also been demonstrated from a soil
perspective [26-28]. Investigations of the effects of pH on the adsorption behavior of HAs to
living cells revealed that adsorption prevails at lower pH values (i.e., pH 5 and below) leading to
a controversial conclusion that HAs adsorb to biomembranes via hydrogen bonding [5]. Similar
studies demonstrated greater adsorption of fulvic acid (FA) of different molecular weights at pH
5 and below, leading to the conclusion that adsorption behavior is mainly governed by
hydrophobic interactions [21]. **P NMR studies led to the proposal of an adsorption/absorption
mechanism, whereby, at acidic pH conditions, HAs initially adsorbs onto the biomembranes
surface via hydrogen or cation bridging between the functional groups of the HAs and the head
groups of the phospholipids, followed by an absorption step via hydrophobic interactions [2, 5,
21]. Although all these studies have led to important insights, they have left a number of open
questions, such as: (i) what is the effect of temperature and (ii) what are the kinetics of these
interactions. Also, the aforementioned studies have either focused on aquatic or terrestrial HAs
but not on determining whether a universal behavior for HAs can be found.

In this study, the interaction with model biomembranes, the kinetics of these interactions,
and the effects of various environmental parameters, including temperature, pH, and humic acid

concentration were investigated with the use of three standard humic acids (HAs) from terrestrial
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and aquatic sources. The model POPC LUV biomembranes used for this study mimic real
biomembranes of such unicellular organisms as blue green algae in structure [20, 29] and in their
ability to form a self-closed bilayer structure of vesicles that resembles the plasma membrane
compartment of all eukaryotic cells [30].
2.2 Experimental Section
Chemicals and Materials

POPC was purchased from Avanti Polar Lipids (Alabaster, AL); Florida Peat Humic
Acid (FPHA), Leonardite Humic Acid (LAHA), and Suwanee River Humic Acid (SWHA) were
purchased from the International Humic Substances Society (IHSS, St. Paul, MN). Methanol and
chloroform and were purchased from Fisher Scientific Company (Somerville, NJ). Nitrogen gas
was supplied by the Chemistry department (upon being sourced from Capital Welders Supply
Co.). Sulforhodamine-B and Triton X-100 (TX-100) were obtained from Sigma Aldrich
(Milwaukee, WI), while Sephadex G-50 GE was obtained from Healthcare Biosciences
(Piscataway, NJ). High quality (18MQ) deionized water was obtained in our laboratory using an
apparatus manufactured by US Filter.
Sample Preparation

The sulforhodamine-B (SRB) vesicles were prepared in accordance with the method
developed by Ladokhin, et al.[31] and Graslund, et al. [32]. In short, 100 mg POPC was
dissolved in 132 pL methanol and 264 pL chloroform. A rotary evaporator with no applied
vacuum was used for thorough mixing of the lipid in the organic solvents for 30 min, followed
by the evaporation of the solvents under nitrogen gas for 35-45 min and dried under vacuum
overnight resulting in the formation of a thin lipid film. The film was dissolved in 10 mL of 50

mM SRB in 0.01 M phosphate buffer at two studied pHs: 4.8 and pH 7.6, then vortexed using
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Vortex Genie series (G560) for 30 min. The sample was then heated in a water bath for another 5
min, and then placed in liquid nitrogen until the mixture was completely frozen, to be
subsequently heated to 40 °C. This process was repeated six times, generating a pink
heterogeneous mixture of large multilamellar vesicles. The solution was then extruded three
times through a 100 nm-pore Whatman Nuclepore polycarbonate track-etched membrane at
ambient temperatures using Lipex Lipid Extruder (North Lipids, Vancouver, BC, Canada),
generating large unilamellar vesicles (LUVSs). The non-encapsulated dye was separated from the
encapsulated dye by gel filtration five times using a column packed with Sephadex G-50 resin
(column diameter: 1 cm; length: 15 cm; applied sample volume: 2 mL) and 10 mM phosphate
buffer at either pH 4.8 or 7.6 as an elution buffer.

HAs stock solutions were prepared by dissolving 8.6 mg of HA in 100 mL of 0.01 M
phosphate buffer at pH 4.8 or 7.6, then adjusted to a basic pH using NaOH to dissolve all HAs,
then adjusted back to pH 4.8 using HCL and diluted to 100.0 mL with phosphate buffer at pH
4.8. 5mL of a HA stock solution was then added to 5mL of the LUV solution to carry out the
fluorescence leakage experiments. The solution pH was confirmed to be either 4.8 or 7.6 at all
stages of the analysis. The one notable exception was during the kinetic runs in which the pH of
the two mixing solutions was confirmed just before the mixing step and the end of the run.
Fluorescence Leakage Measurements

All fluorescence measurements were carried out using a Horiba Jobin Yvon Fluorolog 3
spectrofluorimeter with a FL1073 detector, Spectra Acq computer, and a model LFI3751
temperature control. SRB-loaded LUVs were exposed to FPHA, LAHA, and SWHA to
investigate the perturbation effect of HAs on the model biomembranes. This was accomplished

by measuring 5.00 mL of SRB-loaded LUVS and adding 5.00 mL of 0.01 M phosphate buffer
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solution for the blank and 5.00 mL of HAs in phosphate buffer for the test sample. The blank
contained only the first two components. The leakage of SRB dye from the model biomembranes
was monitored using steady state fluorescence spectroscopy. The excitation wavelength used was
565 nm and the emission was monitored from 570 nm to 700 nm with an integration time of 1 s.
The excitation and emission slits were both set at 1.5 nm. For the kinetics measurements,
emission was monitored at 588 nm with an integration time of 1 min. The signal generated was
compared to the one obtained after the sample was spiked with 100 uL of 1% detergent TX-100.
DLS and cryo-TEM were used to verify the sizes of the prepared LUVs and the completely lysed
LUVs as induced by the TX-100. All measurements were done in triplicate and the results were
plotted, as indicated in the results section below.

Leakage of the SRB dye was expressed as a percentage relative to the total amount of dye
released by the addition of 100 pL of 1% TX-100, which represented 100% leakage and was
calculated according to the equation [20]

Percent release = 100 x (In-1g) / (I1-1g)
where Iy is the fluorescence intensity after the addition of HAs solution, Ig is the background
fluorescence of SRB-loaded vesicles before the addition of either HAs or TX-100 solutions, and
I+ is the total fluorescence intensity after the complete rupture of the vesicles caused by the
addition of TX-100.

UV-Visible Absorbance Measurements: All absorbance spectra were collected from 250-600
nm using a 1.0 cm quartz cell. A Cary 100 Bio UV-Visible spectrometer was used to obtain the
UV spectra. Deionized water was used as blank. The UV-visible measurements were used for
inner filter correction and to obtain the excitation wavelength applied for fluorescence

measurements.
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Dynamic Light Scattering (DLS): Dynamic light scattering data were obtained using a
ZetaSizer Nano Series, Nano ZG with Gateway 842GM (Malven Instruments). Measurements
were made at a scattering angle of 90° and the sample was maintained at 201 °C. The laser
wavelength was 647.1nm.
Cryo-Transmission Electron Microscopy (Cryo-TEM) Imaging: LUVs were characterized
using a cryo-TEM microscope. The samples were prepared using a vitrification robot (Vitrobot,
FEI), in which the relative humidity was kept close to saturation. A 3 pL drop of the lipid
suspension was placed on a carbon-coated lacey film supported by a TEM 300 mesh copper grid
(Ted Pella). The drop was then blotted to the right thickness, and then rapidly plunged into liquid
ethane at its freezing point. This resulted in a vitrified film. The vitrified sample was then
transferred under a liquid nitrogen environment to a cryoholder (model 626, Gatan Inc.,
Warrendale, PA) and then into the electron microscope, Tecnai 20, Sphera (FEI), operating at
120 kV with a nominal underfocus of 2-4 uL. The working temperature was kept slightly below -
175 °C, and the images were recorded on Gatan 794 MultiScan digital camera and processed
with Digital Micrograph 3.6 software.
2.3 Results and Discussions
Size Verification of LUVs

The size of the prepared LUVs was verified using DLS. SRB-entrapped POPC LUVs of
approximately 100 nm size were prepared. The DLS data in Figure 2.1 demonstrated LUVS’ size
of approximately 112 nm in mean diameter. Cryo-TEM image also demonstrated that LUVs
prepared were mostly unilamellar and had diameters of about 100 nm in size with a few
multilamellar vesicles, as illustrated in Figure 2.2. The addition of a detergent (100 puL of 1%

TX-100) led to complete rupture of the POPC LUVs, and gave smaller LUVs’size of about 10
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nm for the mean diameter of the POPC LUVs and a few aggregates of approximately 130 nm in

diameter.
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Figure 2.1 DLS of POPC LUVs a) POPC LUVs b) POPC LUVs spiked with TX-100.
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Figure 2.2 Cryo-TEM image of POPC LUVs.
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2.3.1 Biomembrane Permeability Study using Steady State Fluorescence Spectroscopy

The interaction of HAs with large POPC unilamellar vesicle (LUVs) model
biomembranes was investigated using steady state fluorescence spectroscopy. The spectra were
collected at room temperature (25 °C). At this temperature, POPC LUVs phospholipids are in a
liquid crystalline phase. SRB dye is known to self-quench at high molar concentrations, such as
50 mM, 70 mM and 80 mM, resulting in low fluorescence intensity, and to generate high
fluorescence intensity at dilute concentrations (< 50 mM). Spiking the POPC LUVs with TX-100
leads to a complete rupture of the vesicles, releasing SRB dye out of the vesicles to the solution
surrounding the vesicles, and thus, resulting in high fluorescence intensity.

2.3.2 Effects of concentration, pH, and temperature on the Interaction of FPHA with
POPC LUVs

The percent SRB dye released from SRB-loaded POPC LUVs at two environmentally
relevant pH and temperature conditions over a range of environmentally relevant concentrations
of HA is illustrated in Figure 2.3. High fluorescence intensity is observed at pH 4.8, which
implies that there is a high perturbation of the LUVs at acidic pH. These findings are in
agreement with the literature and show that HAs interact with cell surfaces at acidic pH values
[2, 5, 20]. The addition of FPHA at pH 7.6 to SRB-loaded POPC LUVs resulted in an average
percent leakage of slightly less than 10% for the concentrations of FPHA investigated. This
implies that the FPHA only perturbs the biomembranes at acidic pHs as the perturbation effect of
HAs observed at pH 4.8 seems to be absent at pH 7.6. At pH 7.6 HAs are in their anionic forms
and, as such, repel the negatively charged phosphates of the biomembrane, decreasing their rate
of adsorption. These results are similar to what is reported in the literature and indicates that HAs

both interact with and perturb the biomembranes only at acidic pH values [20].
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As concentration of FPHA increases, so does the amount of membrane perturbation at
both pH 4.8 and 7.6; however, the effect is much more prevalent at pH 4.8 as illustrated by the
data. These findings are consistent with the previous work by Campbell and co-workers [20] for
aquatic humic materials. The data in Figure 2.3 also appear to indicate that observed
biomembrane perturbation may reach a plateau when FPHA increases to around 7.5 mg C/L. If
we remained focused on the pH 4.8 data, it can also be seen that FPHA induces more leakage
and hence greater membrane perturbation at 15 °C versus 25 °C; however, no such trend was
seen for the pH 7.6 data. While the effects of both concentration and temperature are both
interesting and important, and thus, require further investigation, it seems most appropriate to

carry out further studies at acidic pH conditions.
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Figure 2.3 Concentration, pH, and temperature study on the interaction of FPHA with POPC

LUVs.
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2.3.4 Effects of Temperature on Leakage

The interaction of HAs with POPC LUVs was investigated at temperatures ranging
between 10 and 30 °C, as shown in Figure 2.4 using the three HAs used in this study at a
constant concentration of 5 mg C/L at pH 4.8, as already discussed. As seen in the dose study
above, for the lower the temperature, the larger the difference the HAs ability to perturb
biomembranes. These results indicate the largest amount of leakage at 10 °C, and the percent

leakage decreases with increasing temperature, for all three HAs.
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Figure 2.4 Effects of temperature on leakage of SRB dye as induced by 5 mg C/L of SWHA,
FPHA and LAHA HAs at pH 4.8.

These results agree with the literature finding that maximum leakage occurs at the main
phase transition temperature (Ty,) and decreases at temperatures above and below the T,, when
the bilayers are either all-gel or all-fluid [33-39]. POPC LUVs have their T, of -2.5 £2.4 [40]; at
10 °C, a temperature near the T, of POPC of the four temperatures investigated, the gel and the

liquid crystalline phases could be coexisting in the vesicles’ membrane, resulting in packing
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defects in phase boundaries between these coexisting phases. Such packing defects occur as a
result of either fluctuations in the lateral compressibility of the bilayers at Tn, [38, 41-43] or due
to the acyl chain packing mismatch at the interfacial region between gel and fluid domains [33,
35, 36, 44]. This, therefore, could be the reason for the high leakage observed as the temperature
decreases from 30 °C to 10 °C. Of the three HAs investigated, SWHA had the lowest percent
leakage followed by FPHA and LAHA. These differences in the leakage are attributed to
structural differences in the HAs studied. LAHA has the most aromatic backbone, and hence, is
more hydrophobic than FPHA, while SWHA has the least aromatic backbone, and thus, is the
least hydrophobic [45.]. As a result, LAHA interacts more with the biomembranes, resulting in
more leakage. Similar findings have been reported in the literature for liposomes [5].
2.3.3 Dose Response Study

Dose response studies have also been carried out at 25 °C using three different types of
HAs at pH 4.8, see Figure 2.5. The HA concentrations in Figure 2.5 were selected to reflect the
expected environmental concentrations for HAs in the lakes, rivers and marshes: 2.16 mg C/L,
6.97 mg C/L and 17.06 mg C/L, respectively [46]. HAs concentration is normally expressed in
mg C/L or in ppm since it is a mixture of highly complex macromolecules. These data can be
analyzed within at least two HA concentration ranges: 0-5 and 5-20 mg C/L. Within the first
range, and for all three HAs studied, one observes an increase in dye leakage with increasing
concentration. The ability of HAs to induce leakage, and hence, cause membrane perturbation
follows the order LAHA>FPHA>SWHA. This trend directly correlates with the composition of
these three HAs, and in particular with the concentration of aromatic moieties, as determined via
13C NMR analysis (58, 47, and 31% for LAHA, FPHA, and SWHA, respectively). An inverse

dependence is observed with respect to the polarity ((O+N)/C) (0.51, 073, and 0.83, as obtained
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via elemental analysis for LAHA, FPHA, and SWHA, respectively) [47]. Even at a HA
concentration as low as 5 mg C/L, the perturbation of LAHA is plateauing off. Within the second
range (5-20 mg C/L), a number of interesting observations can be made. First of all, the leakage
induced by LAHA decreasing with increasing HA concentration, this appears counterintuitive.
One reasonable explanation is that at concentrations close to or higher than 5 mg C/L LAHA is
starting to form aggregates [48-50]. For FPHA it can be seen that leakage increases until about
7.5 mg C/L, and causes more perturbation than LAHA at just below 7.5 mg C/L for the condition
used in this work. After about 7.5 mg C/L, as discussed above, the leakage plateaus out with
increasing FPHA concentration, again possibly due to aggregation. For SWHA there is an
increasing leakage with increasing concentration for the entire concentration range studied here.

These findings are consistent with the work of Campbell and co-workers [20].
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Figure 2.5 Dose response study of SWHA, FPHA and LAHA HAs at pH 4.8 measured at 25 °C.
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For both LAHA and especially FPHA, the aggregation processes do not need to include
the complete compliment of moieties within these two complex mixtures, but instead, just the
most hydrophobic components. If the most hydrophobic components of these two HAs are
aggregating, then they are less likely to interact with the model biomembrane system, and hence,
induce less perturbation per unit C. For LAHA, it can be seen that the aggregation processes
seems to reduce the number of moieties available for biomembrane perturbation, while for FFHA
it appears that, once a certain concentration is reached, any additional membrane perturbing
moieties introduced at higher concentrations are tied up in aggregation. The importance of this
aggregation process will depend on a number of solution conditions, including concentration,
temperature (see discussion below), ionic strength and pH (see discussion above). However, as
shown with LAHA, it can lead to a decreased perturbation with increasing C concentration, and
hence, each natural organic matter may have a different dose relationship and an optimal
concentration, or range of concentrations, for inducing biomembrane perturbation.

2.3.5 Leakage Time Course Data and Kinetics

The time course data of leakage versus concentration are shown in Figures 2.6. From
these data it is clear that LAHA induces the fastest, while SWHA induces the slowest membrane
perturbation. If ones focuses only on the LAHA data, it can be seen that at the highest
concentrations (7.5 and 10 mg C/L) full perturbation is established in less than 10 mins;
however, at the lowest concentration (0.625 mg C/L) the perturbation is still ongoing even after
240 mins (4 hrs). It is also interesting to note that, as with the LAHA data from the dosage study,
the leakage data starts to plateau at a concentration of 2.5 mg C/L, and that the onset of this
effect is concentration dependent, with the most rapid onset corresponding to the highest

concentration. Time course data for SWHA, on the other hand, show that the amount of dye
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leakage at any time is greater the greater the concentration of SWHA is; however, there is no
apparent plateua effect with time. The FPHA data are in between the LAHA and SWHA data,
with an apparent plateauing appearing at between 7.5 and 10 mg C/L, and is the most apparent
by the lower crossover point at approximately 120 mins. The findings reported for the leakage
experiments are consistent with the dosage data and show that the aggregation phenomena
discussed for the dosage data can also be used here to explain the differences among the different
HAs discussed above. In fact, if points are taken at 10, 20, 40, and 60 mins and plotted as they
were in Figures 2.6, the same trends are seen, but with greater leakage at longer times for SWHA
and FPHA; however, for LAHA at about 6 mg C/L there is a convergence of the leakage data
and a decrease in the amount of leakage with increasing HA concentration.

Table 2.1 presents a kinetic analysis of the time course data in Figure 2.6, and it can be
seen that the leakage kinetics require two unique fits to be modeled for all three of the HAs
investigated; and each of the three HAs vyielded a first order rate constant for the slower
component while the fast component cannot be fitted with first or second order kinetics.

The kinetic analysis of the time course data shows that there are at least two distinct
mechanisms at work, namely a fast and slow mechanism. The slow mechanism can be fitted by
first order kinetics in all cases and is highly concentration dependent, with increase in the rate
with increasing concentration paralleling the plateauing or decreasing with concentration seen in
the dosage studies for LAHA. These parallel findings imply that aggregation leads to a removal
of available moieties within the HAs that are able to induce the slow membrane perturbation
mechanism. Stated differently, the moieties within HAs that aggregate at the lowest
concentration, and hence, in all likelihood are the most nonpolar moieties, are the moieties

responsible for the slow biomembrane perturbation in this study. The fast component could not
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be readily fitted to either first or second order kinetics. A very weak second order fit could be
obtained if 1) only the first 5 to 10 mins of the time course data are were considered and 2) if it
were assumed that the slow component, discussed above, is not in play i.e., the slow component
requires a perturbation that takes longer than the first 5 to 10 mins. The fact that the fast
component cannot be fitted to first or second order kinetics can be explained by more than one

distinct process taking place, which this conclusion is consistent with complex heterogeneous

nature of HA.
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Figure 2.6 Kinetics of SRB dye leakage versus concentration of HAs at pH 4.8 a) is the leakage
of SWHA, b) is the leakage of FPHA c) is the leakage of LAHA HAs. (Note that the scale on the
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Table 2.1 First order kinetic rate constants for the slow component of the leakage studies. The

rate constants for a) SWHA, b) FPHA, and C) LAHA HAs.

a)

Conc. % Leakage

(mg C/L) |Rate Constant s™ fraction R®

0.625 -5.61E-05+0.71E-05 6.92+0.18 0.99 +0.00
1.25 -5.13E-05+0.24E-05 9.68+0.92 0.98 +0.01
2.50 -4.26E-05+0.95E-05 10.91+0.52 0.98 +0.01
5.00 -3.22E-05+0.42E-05 11.47+1.46 0.97 £0.01
7.50 -3.24E-05+0.77E-05 11.76 £0.74 0.97 £0.03
10.00 -2.34E-05+0.55E-05 10.46+0.67 0.97 +0.01
b)

Conc. % Leakage

(mg C/L) |Rate Constants™ Fraction R?

0.625 -4.59E-05+0.57E-05 9.89+9.89 0.99+0.01
1.25 -4.65E-05+1.54E-05 13.22+13.22 0.98+0.01
2.50 -3.26E-05+0.92E-05 11.97+11.97 0.98+0.01
5.00 -2.28E-05+0.62E-05 10.28+10.28 0.97+0.01
7.50 -2.11E-05+1.10E-05 9.62+9.62 0.97+0.03
10.00 -1.36E-05+0.47E-05 6.91+6.91 0.97+0.01
c)

Conc. % Leakage

(mg C/L) |Rate Constants™ Fraction R®

0.625 -2.27E-05+0.22E-05 7.87+1.22 0.93+0.03
1.25 -1.08E-05+0.64E-05 4.04+2.33 0.85+0.18
2.50 -3.99E-06+0.56E-05 1.40+1.05 0.75+1.06
5.00 -3.82E-06+0.16E-06 1.40 +£0.47 0.63+0.20
7.50 -7.52E-06+0.57E-06 2.24+0.04 0.95+0.01
10.00 -6.52E-06+0.13E-06 2.08+0.54 0.79+0.02

2.3.6 Analysis of Leakage Kinetics

The leakage kinetics data were fitted to first-order kinetics as well as second-order

kinetics using the following equations [51]

First order: 1y =1,(1—€™)
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Ikt
Second order: 1n = 1+ 1kt

Where IH IS intensity at time t and IT IS maximum intensity after the addition of 100 pL of 1%

TX-100. The data for the first rapid step and the slow step were each fitted to the second order
kinetics equation as well as the first order kinetic equation. The fast component did not fit either
the first or the second order Kkinetics equation. Fitting of the slow component data to the first
order Kkinetic equation followed a straight line and the correlation coefficients were >0.9 for
SWHA and FPHA and varied between 0.6 - 0.9 for LAHA as shown in Tables 2.1 above. The
slopes were used to estimate the apparent rate constants, shown in Tables 2.1. The rate constants
for the first order Kinetics increase with increasing concentration of HAs for SWHA, and plateau
at concentration beyond 2.5 mg C/L for FPHA and LAHA. The plateau denotes the completion
of the first order reaction while plateau by FPHA and LAHA could be the attributed to the
aggregation effect of at higher concentration [48-50]. This findings implies that the underlying
leakage process can be formally described as a two-step process, a fast process and a slow
process. The kinetics analysis above provides yet another evidence of a two-step process being
involved in the interaction of HAs with biomembranes: an initial rapid release and then a slow
release following first-order kinetics.
2.3.7 Mechanistic and Environmental Implication

The kinetic data and analysis allow for further insight into the mechansim by which HAs
can interact with biomembrnanes. The use of vesicles in this study allows the highly complex of
HA interactions with biomembrane to be simplified, as only passive processes are being
monitored. This means that the observed perturbation is not a HA induced biochemical
processes, such as apoptosis [52]. Our previous wideline **P NMR work has shown that HA can

induce a structural perturbation within DPPC multilaminar vesicles, giving rise to the proposed
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adsorption/absorption mechanism [2]. The kinetic data indicate that these processes are even
more complex than implied by the P NMR data, as at least two distict processes are taking
place in regards to absorption. The fast kinetic component discussed above as well as the data in
Figure 2.5 illustrate that the membrane perturbation takes place on the minute (or faster) time
scale, while the slow kinetic component suggests that membrane perturbation can take place over
the course of hours. The pH dependence of the perturbation has been explained by a hydrogen
bridge between the HA and the biomembrane surface. However, rather than looking at
biomembrane as a homogenous surface, a better view point of the surface would be as a bilayer
with “lattice” defects [53]. These defect sites can be viewed as initial adsorption sites. Due to the
fact that these defect sites locally reduce the thickness of phospholipids from a bilayer to a single
layer, the hydrohobic domains of the HAs should be able to more directly interact with the
hydrophobic tail groups of the phospholipids and lead to a rapid perturbation of the bilayer’s
stucture, and hence, intergrity.

This loss of bilayer stuctural intergrity could eventually lead to an increase in the
premebaility of the bilayer, and hence, the rapid leakage of the dye induced by all three HAs in
the Kinetic studies described above. On the other hand, the slower component is more difficult to
explain; nevertheless, the above-proposed mechansim is consistent with the hypothesis that at
least two chemically distict groups of entites within the mixture that a humic acid constitutes are
involved with the fast and slow steps observed above. The mechanism of this slow bilayer
perturbation can be viewed as akin to the mechanism just discussed; however, rather than a direct
adsoprtion step, the HA entity associated with the slower perturbation component diffuses over
the bilayer surface until a condition is achieved in which it can absorb to a “lattice” defect site.

This leads to the questions of what is this condition and why is there a much higher probability
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of such a conditions for the HA entities involved with the fast component than with the slow
component. We propose that the condition in question is the formation of a hydrogen bridge
between the HA and the bilayer, which requires that the HA entity involved be able to support
such a hydrogen bridge, strongly implying they have a high density of polar groups. On the other
hand, HA entities with a low density of polar groups will have a much lower probability of
achieving the hydrogen bridge condition. The HA concentration dependence of the kinetic data,
along with the concentration dependence of the dosage data, support the polar group density
argument, as the less polar the entity, the more likely it is to aggregate at higher HA
concentrations, and hence, less likely to be able reach the hydrogen brideging condition. Stated
differently, aggregated entities within a humic acid makes these entities much less available to
induce bilayer perturbation, and the contribution of the slow perturbation component decreases
for the more aromatic, and hence, more hydrophobic LAHA and FPHA at higher HA
concentration.

The finding that temperature influences the amount of perturbation of the biomembranes
by HAs has a large environmental implication in terms of the ever increasing average
temperatures in the Northern and Southern ecosystems, but especially for the Northern
hemisphere. The Northern hemisphere has larger land masses and higher carbon reservoirs,
especially in the form of permafrost. As the global temperature, especially in the polar regions,
continues to increase annually, permafrost regions will start to thaw and, in doing so, release
their locked up carbon reserves. This release will increase the carbon content throughout
associated watersheds, and hence, greatly increase the amount of dissolved organic matter with
the aqueous phases, be it pore water, rivers, lakes, and estuaries. This, in turn, will induce a

lowering of the water pH, similar to what has been found in Nordic waters during spring run-offs
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when the wholesale snow melt leads to a large leaching of organic matter from the soils within
the watershed and the pH of these Nordic waters decends to close to 4. According to the
temperature and pH discussion above, both the low temperature and low pH of the run-off water
increase the potential for membrane perturbation, the pertubations will be very high. The major
questions are in regards to how much organic matter will be released and whether it will it be
enough to induce aggregation, especially as the run-off water meets with the saline waters of the
Artic Ocean as well as the northern Atlantic and Pacific oceans. A secondary question will be the
chemical composition of the released organic matter since, as the above results show, different
organic matters have different biomembrane perturbation potential., Nevertheless, for all organic
matters tested in this work, biomembrane perturbation has been observed at acidic pHs at
environmentally relevant organic matter concentrations. The kinetic data shows that this
observed HA-induced perturbation is on the seconds to minutes time scale, and thus, is of
environmental importance indeed. In addition, this process is complex and involves at least a two
component absorption step, with the relative importance of these two components depending on
the composition and concentration of the HA.

The results of this study are of concern as they illustrate that global climate change and
the potential for wholesale organic matter release may lead to biomembrane perturbation of
aquatic organisms, especially as this release will occur in very delicate and highly important
nordic ecosystems. Although there is evidence that biomembrane composition can be adjusted
for external environmental conditions, such as temperature, the concern is that the magnitude of
organic matter release may fall outside the buffering capacity of the given ecosystem and lead to
a highly damaging situation. The Nordic region is one of the major feeding grounds for a range

of whales and fish, and any perturbation to these waters and the associated food web, as induced
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by the perturbation of biomembranes of lower level organisms (e.g., algae) would be devastating
to these large species, and hence, the oceans’ health on a global scale. In addition, these findings
have strong implications for the potential for nanoparticle bioavailability and toxicity, and may
provide insight into the recent finding of Xing and co-workers that humic acids induce the
internalization of CuO nanoparticles into blue-green algae [19].
2.3.8 Mechanism of Membrane Purtabation

Based on the Kkinetics studies and kinetics data analysis presented above and the previous
%P NMR study [2] a mechanism of the interaction of HAs with model biomembranes is
proposed. The mechanism involves an instant adsorption of HAs onto the biomembranes
followed by a rapid then a slow absorption of HAs onto the biomembranes. The adsorption step
appears to be dependent on the concentration of HAs since the observed leakage increases with
increasing concentration. The driving force for the adsorption process are the hydrogen bridging
interactions between the phosphate groups and the negatively charged functional groups of HAs
[2]. This interpretation has been further supported by the findings of Campbell and coworkers.
Adsorption of HAs on biological surfaces has been reported in literature and was demonstrated
directly by loss of DOM from solution, and indirectly by following changes in the
electrophoretic mobility of individual cells in the presence or absence of DOM [20]. In this study
we postulate that the adsorption of HAs to the biomembranes is a much faster process compared
to the actual leakage. This assumption is based on literature findings that typical leakage in
model membranes occur on the minute timescale while typical binding to model membranes
occurs on the sub-second timescale [54, 55].

Adsorption of HAs to the biomembranes compromises the integrity of the biomembranes

since packing defects are formed on the biomembranes around the adsorbed HAs [38, 41, 43].
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The adsorption step is followed by the absorption step. The absorption of HAs to the
biomembranes occurs via hydrophobic interactions; this has been reported in the literature [2].
In addition to the two steps; the adsorption-absorption steps already proposed in the literature
[2]. We, for the first time propose based on the kinetics studies that the absorption step could
involve more than one process depending on the lamellarity of the vesicles. In this study the
absorption step is proposed to be a two-step process based on the kinetics analysis: a rapid
absorption process resulting in the rapid leakage observed for the LUVs, followed by a slow
absorption of HAs via first order kinetics resulting in the slow leakage. Leakage of vesicle
contents via first order kinetics has previously been reported in literature [56]. The observed two-
step adsorption-absorption process above is consistent with our group’s previous **P NMR work
and illustrates that the mechanism of the interaction of HAs with the model biomembranes
appears to be a two-step process of adsorption onto the biomembranes surface by hydrogen
bridging interactions and is followed by absorption into the biomembranes hydrophobic domain
by hydrophobic interactions [2].
2.4 Conclusions

In summary, we have successfully performed a series of studies using fluorescence
spectroscopy. Fluorescence leakage studies have shown that HAs interacts with and perturbs
model biomembranes at acidic pH values (4.8), thus making the model biomembranes permeable
which is an effect lacking at a neutral pH (7.6). There is more leakage due to higher
perturbations at temperatures closer to the T, of POPC, due to the acyl chain packing
mismatches at the interfacial region which is caused by the coexistence of both the gel and liquid
crystalline phases in the phase boundaries. HAs concentrations as low as 0.3 mg C/L cause

leakage; the leakage increases with increasing concentration of HAs.
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The interaction of HAs with model biomembranes has been shown to occur in two main

steps: (1) an initial instant adsorption by hydrogen bridging between the phosphate group and the

negatively charged functional groups of HAs followed by (2) a rapid absorption via hydrophobic

interactions followed by a slow absorption via hydrophobic interactions following first order

kinetics. These findings agree well with the literature and with the theoretical model postulated

by Elayan, et al.[2] Overall, all three chemically diverse HAs studied here perturb the model

biomembranes at acidic pHs.
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Chapter 3. Spectroscopic Study of the Kinetics and the Mechanism of the Interaction of
Chemically Diverse Humic Substances with Biomembranes

3.1 Introduction

Humic substances (HSs), which are the major components of natural organic matter
(NOM), are a complex, heterogeneous and polydisperse mixture of decayed organic matter
usually produced by microbial decomposition of dead plants and animal tissues in both terrestrial
and aquatic environments [1-3]. HSs are made up of different moieties such as aliphatic acids,
tannin and lignin, carbohydrates, amino acids, and other forms of heterocyclic and polyaromatic
functionalities [4] [4, 5]. They are prevalent throughout the environment where they play various
significant roles. It is well established that HAs, the water soluble fraction of HSs interact with
biomembranes [2, 6-8]. The influence of HAs on biomembrane surfaces was previously
investigated in regards to enhanced mineral uptake [9]. Similarly, the physiological interaction of
HSs with the biomembranes of soil bacteria was indirectly illustrated by comparing HAs to
synthetic surfactants through dielectric measurements [10]. Other studies have demonstrated the
ability of HAs to interact with biomembranes in aquatic environments [6, 7, 11-13] [14]. Other
studies focused on modeling the toxicity of metals to organisms, e.g. fish via metal binding to
their gills [15, 16] [17, 18] [11, 15].

The ability of HAs to increase plant membrane permeability has also been demonstrated
in soil science [14],[6],[19],[20],[21]. HAs have been shown to affect the permeability of
biomembranes differently based upon pH and HAs origin by altering the biomembrane structure
and fluidity, thus making the biomembranes more permeable to xenobiotic pollutants [19-22] [7].
In addition to this, it has been demonstrated that HAs affect biomembrane permeability to
organic molecules, [7] [23] enabling these molecules to cross the membrane, hence indicating

that HAs perturb the biomembrane. A model of the mechanism demonstrated that HAs interact
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with biomembranes by first adsorbing onto the biomembrane via hydrogen bridging and then
absorbing into the biomembrane hydrophobic domains via hydrophobic interactions [2]. It is
therefore clear that HAs interact with and perturb biomembranes. This, therefore, implies that
HAs play a major role in the environmental toxicity issues, specifically, in determining the
bioavailability of metal ions and xenobiotic pollutants within the environment.

Considering the complexity and polydispersity of HAs, it can be assumed that not all
moieties within HAs play the same role or participate to the same extent in the in the
perturbation of biomembranes. Understanding the roles of different moieties within HAs in the
interaction of HAs with biomembranes can offer valuable information in regards to the
mechanism of interaction of HAs with biomembranes. Developing this understanding requires
the separation of these components from HAs by procedures that do not alter the remaining
material. Lipids can be readily edited out from HAs using solvent extraction under relatively
mild conditions. The aromatic components can be extracted by bleaching, while the
carbohydrates can be edited out via hydrolysis. This work focuses on the contribution of the
aromatic, lipids, and carbohydrates components to the mechanism of the interaction of HAs with
biomembranes. The role of different moieties responsible for the interaction of HAs with
biomembranes was investigated using fluorescent leakage experiments. Lipid vesicles, which are
very simplified models, were used in this study to gain the fundamental molecular level
understanding of the roles different moieties within HAs play in the interactions of HAs with
biomembranes. The phospholipid POPC was used in this study due to its biological relevance as
well as its phase behavior. POPC has a phase transition temperature (Ty,) of -2.5 £2.4°C at this

temperature the acyl chains and the crystalline lattice of POPC phospholipid bilayers melts hence
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causing phase changes in the lipid bilayer, from solid crystalline phase to liquid crystalline
phase. This change of phase influences the permeability of phospholids [24].

3.2 Experimental Section

Chemicals and Materials

POPC was purchased from Avanti Polar Lipids (Alabaster, AL); Florida Peat Humic Acid
(FPHA) and Leonardite Humic Acid (LAHA) were purchased from the International Humic
Substances Society (IHSS, St. Paul, MN). Methanol, chloroform, benzene, hydrochloric acid,
acetic acid and sodium chlorite were purchased from Fisher Scientific Company (Somerville,
NJ). Nitrogen gas was obtained from the Chemistry department (Capital Welders Supply Co.)
Sulforhodamine-B (SRB) was obtained from Sigma Aldrich (Milwaukee, WI). Sephadex G-50
GE was obtained from Healthcare Biosciences (Piscataway, NJ), and high quality 18MQ
deionized water was obtained with the use of the US Filter apparatus situated in our laboratory.
Preparations of Chemically Edited HAs.

Specific structural components were edited out from HAs following three different
chemical treatments. The lipid components of HAs were removed by treating HAs with
benzene:methanol azeotrope in a 3:1 volume ratio for 72 hrs via Soxlet extraction the organic
solvent was then evaporated [25]. HAs were hydrolyzed through mixing with 300 mL of 6 M
HCI per gram of HAs and maintaining the system under reflux for 6 hrs [26]. Bleaching was
achieved by treating HAs with 10 g of sodium chlorite, 10 mL of acetic acid, and 100 mL of
deionized water per gram of HAs mixture and stirred overnight. The bleached supernatant was
decanted and replaced with fresh solution; this process was repeated three times [27, 28]. The
solid residue was then separated from the mixture by centrifugation at 4000g for 15 min and

dialyzed using a Spectra/Por membrane (molecular weight cut-off 8000 Da). The bleached and
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the hydrolyzed HAs samples were freeze-dried and stored for characterization and leakage
studies.
Sample Preparation for NMR Experiment

The chemically edited HAs were freeze-dried and further ground with a mortar and pestle
to ensure a homogeneous sample. The sample was then tightly packed into a 2.5 mm high
resolution magic angle spinning zirconium rotor (Bruker) in order to achieve a homogeneous
radio frequency field during the NMR analysis. It should be noted that the chemically edited
HAs did not undergo any further chemical treatment prior to NMR analysis, in order to preserve
the integrity of the chemically edited HAs.
3C NMR Ramp CP-MAS

The NMR data were acquired using a ramp cross-polarization (CP) pulse program with
magic angle spinning (MAS) on a Bruker Avance 400 MHz spectrometer. Spectra were acquired
at a frequency of 400 MHz for *H and 100 MHz for **C for all NMR experiments. The sample
MAS spinning rate was 26 kHz and a ramp cross-polarization contact time of 2 ms was used
with a recycle delay time of 1 s. A total of 307,200 scans per experiment were collected. The
resulting **C spectra were processed using 60 Hz line broadening. Prior to the application of the
spectral collection for the chemically edited HAs sample, the performance of the pulse sequences
was validated using tyrosine—HCI crystals. The NMR spectra are shown in Figure 3.1.
Preparation of Dye Encapsulated Vesicles

The sulforhodamine-B (SRB) vesicles were prepared in accordance with the method
developed and optimized by Ladokhin, et al. [29, 30]. Briefly, 50 mg of POPC was dissolved in
66 pL methanol and 132 uL chloroform. A rotary evaporator with no applied vacuum was used

for thorough mixing of the lipid in the organic solvents for 30 mins, followed by the evaporation
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of the solvents under nitrogen gas for 35-45 mins and then dried further under vacuum overnight,
resulting in the formation of a thin lipid film. The film was dissolved in 5 mL of 50 mM SRB in
0.01 M phosphate buffer at pH 4.8 and, then vortexed using Vortex Genie series (G560) for 30
mins. The sample was then heated in a 40 °C water bath for 5 mins, and then placed in liquid
nitrogen until the mixture was completely frozen, and subsequently heated at 40 °C for another 5
mins. This freeze-thaw cycle process was repeated six times, generating a pink heterogeneous
mixture of large multilamellar vesicles. The solution was then extruded three times through a
100 nm-pore Whatman Nucleopore polycarbonate track-etched membrane at ambient
temperatures using Lipex Lipid Extruder (North Lipids, Vancouver, BC, Canada), generating
large unilamellar vesicles (LUVs). The non-encapsulated dye was separated from the
encapsulated dye by size exclusion chromatography five times using a column packed with
Sephadex G-50 resin (column diameter: 2.5 cm; length: 60 cm; applied sample volume: 5 mL)
with 10 mM phosphate buffer of an appropriate pH as an elution buffer.

Chemically edited stock solutions of humic acids were prepared by dissolving a bleached
humic acid, e.g., 8.6 mg of FPHA, in 20 mL of 0.01 M phosphate buffer at pH 4.8, then adjusted
to a basic pH using NaOH to dissolve all the HA, then adjusted back to pH 4.8 using HCI and
diluted to 100.0 mL with phosphate buffer at pH 4.8 and were stirred in darkness for 24 hours to
allow for sample equilibration. A similar procedure was followed for all the chemically edited
HAs studied. All the solutions were protected from light and stored in the refrigerator until
analyzed and were discarded after one week.

Fluorescence Leakage Measurements
All fluorescence measurements were carried out using a Horiba Jobin Yvon Fluorolog 3

spectrofluorimeter with a FL1073 detector, Spectra Acgq computer, and a model LFI3751
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temperature control. SRB-loaded LUVs were exposed to chemically diverse SWHA, FPHA and,
LAHA, and used to investigate the perturbation effect of HAs on the model biomembranes. This
was accomplished by measuring 5.00 mL of SRB-loaded LUVS and adding 5.00 mL of 0.01 M
phosphate buffer solution for the blank and 5.00 mL of HAs in phosphate buffer for the test
sample, the blank contained only the first two components. The leakage of SRB dye from the
model biomembranes was monitored using steady state fluorescence spectroscopy. All emission
spectra were collected at room temperature (25°C). At this temperature, the phospholipids LUV
are in a liquid crystalline phase. The excitation wavelength used was 565 nm and the emission
was monitored from 570 nm to 700 nm with an integration time of 1 s; the excitation and
emission slits were both set at 1.5 nm. For the kinetics measurements, emission was monitored at
588 nm with an integration time of 1 min. The signal generated was compared to the one
obtained after the sample was spiked with 100 puL of 1% detergent TX-100. DLS and cryo-TEM
were used to verify the sizes of the prepared LUVs and the completely lysed LUVs, as induced
by the TX-100. The solution pH was confirmed to be 4.8 at all stages of the analysis, with the
exception of kinetic runs, during which the pH of the two mixing solutions was confirmed just
before the mixing step and the pH of the monitored solution was confirmed at the end of the run.
All measurements were done in triplicate and the results were plotted, as indicated in the results
section below.

Leakage of the SRB dye was expressed as a percentage relative to the total amount of dye
released by the addition of 100 pL of 1% TX-100 detergent, which represented 100% leakage
and was calculated according to the equation [7]:

Percent release = 100 x (In-1g) / (I1-1g)
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Iy is the fluorescence intensity after the addition of HAs solution, Ig is the background
fluorescence of SRB-loaded vesicles before the addition of either chemically diverse HAs or TX-
100 solutions, and I+ is the total fluorescence intensity after the complete rupture of the vesicles
by the addition of TX-100.

UV-Visible Absorbance Measurements All absorbance spectra were collected from 250-600
nm using a 1.0 cm quartz cell. A Cary 100 Bio UV-visible spectrometer was used to obtain the
UV spectra. Deionized water was used as blank. The UV-visible measurements were used for
inner filter correction and to obtain the excitation wavelength applied for fluorescence
measurements.

Dynamic Light Scattering (DLS) Dynamic light scattering data were obtained using a
ZetaSizer Nano Series, Nano ZG with Gateway 842GM (Malven Instruments). Measurements
were made at a scattering angle of 90° and the sample was maintained at 201 °C. The laser
wavelength was 647.1 nm.

Cryo-Transmission Electron Microscopy (Cryo-TEM) Imaging LUVs were characterized
using cryo-TEM microscope. The samples were prepared using a vitrification robot (Vitrobot,
FEI), in which the relative humidity was kept close to saturation. A 3 pL drop of the lipid
suspension was placed on a carbon-coated lacey film supported by a TEM 300 mesh copper grid
(Ted Pella). The drop was then blotted to the right thickness, and then rapidly plunged into liquid
ethane at its freezing point. This resulted in a vitrified film. The vitrified sample was then
transferred under a liquid nitrogen environment to a cryoholder (model 626, Gatan Inc.,
Warrendale, PA) into the electron microscope, Tecnai 20, Sphera (FEI), operating at 120 kV

with a nominal underfocus of 2-4 uL. The working temperature was kept below about -175 °C,
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and the images were recorded on Gatan 794 MultiScan digital camera and processed with Digital
Micrograph 3.6 software.

3.3 Results and Discussion

3.3.1 NMR Analysis of the Chemically Edited HAs

Figure 3.1 shows the *C NMR spectra of the chemically edited HAs sample obtained by
solid state ramp CP-MAS. The spectra suggest that the applied chemical treatment edited out the
specifically targeted moieties and also resulted to the variation in the moieties distribution within
HAs. Bleaching edited out a significant amount of the aromatic moieties, as illustrated in the
112-145 ppm chemical shift regions and in the relative aromaticity values in Table 3.1. The low
signal observed for the bleached samples could be attributed to the aromaticity from charcoal-
like components within HAs since charcoal is resistant to oxidative cleavage by sodium chlorite
[31]. The bleaching treatment applied in this study effectively edited out the aromatic rings of
lignin origin for all HAs studied [28]. The aromaticity values in Table 3.1 similarly indicate a
decrease in the aromaticity values for the bleached samples and an increase in a romaticity
values for the hydrolysed FPHA sample.

The hydrolysis treatment edited out most of the carbohydrate components, as illustrated
by the decrease of intensity in the 50-112 ppm chemical shift region. This chemical shift range
envelopes the different types of carbohydrate carbons. The carbon-6 and the ring carbons of
polysaccharides produce signals in the 62-66 and 65-85 ppm chemical shift regions, respectively.
The peaks centered at approximately 105 ppm are due to anomeric polysaccharides carbons. The
decrease in the carbohydrate signal envelope leads to an apparent enhancement of the signals
within the 112-145 (aromatic) and 29-33 ppm (lipids) chemical shift regions, as illustrated in

Figure 3.1.
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The lipid extraction edit resulted in a significant loss of the lipid components and an

apparent enhancement of the carbohydrate and aromatic signals as shown in the Figure 3.1 NMR

spectra. The signal within the 29-33 ppm chemical shift region corresponds to the polymethylene

chains. While the HAs contain lipids from various compounds, such as alkanes, alkenes, fatty

acids, n-alkyl, alcohols, terpenes, sterols, polynuclear, hydrocarbons, fats, waxes and resins [32,

33] [34], the lipids extracted in this study could be mainly aliphatic in nature, i.e., consisting of

long-chain fatty acids and esters, long chain alkanes, and some aliphatic alcohols [32, 35-37]

[34]. As can be seen from the above discussion, the chemical treatments produced appropriately

edited HAs for the humic acids studied. This means that the influence of the different moiety

classes, namely aliphatic (alkyl), carbohydrate (O-alkyl), and aromatic, can be investigated by

samples with reduced or enhanced concentrations of these moiety families.
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Figure 3.1 *C NMR spectra of chemically edited HAs. The spectra from the top to the bottom
are; unedited, lipid extracted, hydrolyzed and bleached HAs a) is are the spectra for SWHA b) is
are the spectra for FPHA and c) is are the spectra for LAHA HAs collected using solid state

Ramp-CP MAS.
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Table 3.1 3C NMR Percent relative areas and aromaticity of unedited and edited SWHA, FPHA
and LAHA HAs.

SAMPLE 230-190ppm| 190-165ppm| 165-90ppm 165-110ppmi 110-90ppm| 90-60ppm{  60-0ppmiAromaticity

Florida Peat

(FPHA) 2.49% 12.64% 45.80% 39.86% 5.94% 14.42% 24.64% 0.40

Suwannee HA

(SWHA) 1.79% 085% 37.84% 31.04% 6.80% 14.64% 35.88% 031

Leonardite

(LAHA) 0.88% 7.11% 35.03% 48.33% 6.50% 3.32% 31.65% 0.49

Hydrolysed

FPHA 1.07% 11.95% 56.61% 50.46% 6.15% 8.54% 21.83% 0.50

Bleached FPHA 2.32% 5.53% 20.49% 17.15% 3.33% 15.88% 52.78% 0.17

Lipid extracted

FPHA 1.95% 11.91% 39.89% 6.09% 17.21% 22 95% 0.00% 0.10
ydrolysed

LAHA -0.48% 6.53% 55.58% 7.58% 3.55% 27.25% 0.00% 017

Bleached LAHA | -093% 3.75% 25.97% -0.32% 2.46% 69.08% 0.00% 0.00

Lipid Extracted

LAHA 0.76% 7.87% 53.43% 6.94% 6.96% 24.03% 0.00% 0.15

Hy droly sed

SWHA 2.10% 10.35% 39.29% 9.47% 11.36% 27.42% 0.00% 016
Bleached SWHA | 180% 17.40% 22.42% 5.30% 25.49% 27.59% 0.00% 0.07
Lipid Extracted

SWHA 2.43% 11.27% 31.62% 8.60% 20.87% 2521% 0.00% 0.13

3.3.2 Size Verification of LUVs

The size of the prepared LUVs was verified using DLS. SRB-entrapped POPC LUVs of
approximately 100 nm size were prepared. The DLS data demonstrated LUV size of
approximately 112 nm in mean diameter. Cryo-TEM images also demonstrated that LUVs
prepared were mostly unilamellar and had a diameter of about 100 nm, with a few multilamellar
vesicles also present. The addition of a detergent TX-100 led to the complete rupture of the
LUVs, and gave a smaller size of about 10 nm for the mean diameter of the LUVs and a few

aggregates of approximately 130 nm in diameter.
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3.3.3 The Interaction of Chemically Diverse HAs with POPC Unilamellar Vesicles (LUVS)
Biomembrane perturbation through the interaction of three different HAs in their four
different forms, namely: unmodified (reference), bleached, hydrolyzed, and lipid-extracted HA
(12 in total) was monitored via the leakage of SRB from POPC LUV model biomembrane
system using steady state fluorescence. Representative spectra for SWHA, FPHA, and LAHA
are presented in Figures 3.2 (a), (b), and (c), respectively. In addition to the spectral data for the
12 HAs, two control data sets are presented, the first of which is simply labeled control; for this
sample set, no HA is added. A low fluorescence intensity was obtained for the Control samples
due self-quenching of SRB dye at high molar concentrations, such as 50 mM. Spiking the control
samples with TX-100, yields the second set of control data, referred to as control TX. The
addition of TX-100 leads to a complete rupture of the vesicles and results in the release of all the
SRB dye from the vesicles. While the SRB is diluted in the surrounding solution—eliminating
self-quenching-it yields the highest SRB solution concentration, and hence, the highest possible
fluorescence.
3.3.4 Leakage Studies with HAs
Reference samples: The HAs studied are sourced from a range of origins, namely an aquatic,
Suwannee River (SWHA); a terrestrial, Florida peat humic acid (FPHA); and a coal, Leonardite
humic acid (LAHA). The *C NMR data presented in Figure 3.1 show that all three reference
HAs have unique compositions, with SWHA being the most aliphatic in nature and LAHA being
the most aromatic, with FPHA lying between these two extremes. As expected from the results
in the previous chapter, LAHA resulted in the largest amount of SRB release, and hence, the
largest amount of biomembrane perturbation, followed by FPHA, and with SWHA having

yielded the smallest amount of perturbation. As discussed in the preceding chapter, this trend can
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be related to aromatic content as well as bulk polarity of these three HAs; however, these
correlations are highly empirical and require further validation due to the complex nature of HAs
and natural organic matter as a whole. To this end, chemically edited humic acids (HAs) were
used to greatly reduce the amount of families of different moieties within all three of the HAs

studied here.

-

&
=

e o
™ ©

207
0

ity
=]
~

0
o o

~Control
~—Control TX
-Bleached
~—Reference
~=Lipid Extracted
~Hydrolized

~—Control
~Control TX
—Bleached
—Reference
~Lipid Extracted
~Hydrolized

~—Control
~Control TX

— Bleached
~—Reference
~Lipid Extracted
~Hydrolized

Al
w >

Normalized Intensi
e o
- ~n

670
680
690
700
570
580
590
600
610
2|
630
640
650
660
670
680
690
700

=]
©o
©
m Wavelength (nm)

=
=
-
)
S
5

Figure 3.2 Normalized fluorescence emission spectra of SRB dye leakage as induced by
chemically edited a) SWHA, b) FPHA and ¢) LAHA HAs (5 mg C/L, pH 4.8)

Chemically edited HAs: An increase in normalized fluorescence intensity was seen with the
introduction of all nine chemically edited HAs, compared to the control. The hydrolyzed sample
of SWHA had the highest fluorescence intensity, followed by the lipid-extracted samples and
then the reference samples, which were the unaltered HAs. The lowest fluorescence intensity
observed for the bleached sample was attributed to the limited interactions of the LUVs with the
bleached samples. This yielded fewer perturbations, and hence, lower leakage, and thus, the
lowest fluorescence intensity. Similar observations were made for chemically edited FPHA
sourced samples where again, the bleached sample resulted in the lowest, while the hydrolyzed
sample resulted in the highest fluorescence intensity. LAHA sources HAs had a similar trend to
SWHA and FPHA sourced samples. The fact that, for all three HAs, the beached samples induce

the least biomembrane perturbation further supports the conclusion made in the previous chapter
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that the aromatic moieties—edited out during the bleaching process—appear to perturb the
biomembrane the most. This is further supported by the fact that both the hydrolyzed and lipid-
extracted samples induce greater perturbation than the reference samples, as both the hydrolysis
and lipid extraction editing procedures increase the amount of aromatic moieties per gram of
HA.

Source specific chemically edited HAs: If one looks further into the data presented in Figure
3.2 and link them to the NMR data, the trends just discussed are further emphasized. Comparison
of the hydrolized samples with the reference samples reveals the largest difference in the steady
state fluorescence leakage data for the SWHA sourced samples. The NMR data presented in
Figure 3.1 show that the hydrolysis editing enhanced the aromatic content the most in the SWHA
sourced sample. Using the same approach it can be seen that the difference between hydrolyzed
and lipid-extracted samples follows the same trend. This further supports the finding that the
aromatic moieties appear to be the major biomembrane perturbing moieties within all three HAs
studied, regardless of source. If one now turns their attention to the bleached samples, the steady
state fluorescence leakage data reveal that the largest loss of biomembrane perturbation ability
occurs for the LAHA sourced sample, then the SWHA sourced sample; the FPHA sourced
sample exhibits the smallest difference. While the NMR data show that the bleaching treatment
reduced relative amount of aromatic moieties to the largest extent for the LAHA sourced sample,
the difference seen so clearly in the fluorescence data is not as apparent in the NMR data for the
SWHA or FPHA sourced samples. Aromatic moieties not being equivalent in their biomembrane

perturbing potential may serve as a plausible interpretation of the above observation.
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3.3.5 Leakage Kinetics with HAs

Kinetic studies of the release of SRB dye from LUVs are shown in Figures 3.3 (a), (b),
and (c). The results clearly illustrate that the leakage of SRB dye from the vesicles was induced
by HAs at pH 4.8 and was dependent on the exposure time and the chemical treatment applied to
the HAs. The percent leakage of SRB dye increased with time and with the different chemically
diverse HAs. The overall shape of the kinetic curves is similar to that we saw for the reference
samples in the previous chapter, with two characteristic types of leakage being observed in this
study, namely a rapid and slow leakage stages. This once again implies that more than one
process is involved in the interaction of HAs with biomembranes. First, there is an initial rapid
release of SRB dye, as indicated by the rapid increase in fluorescence intensity for a period of up
to ~90 minutes, then a plateau followed by a slow release of SRB dye, as indicated by the slow

increase in fluorescence intensity for a period of about three hours.
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Figure 3.3 Kinetics of the percent leakage of SRB dye as Induced by chemically edited a)
SWHA b) FPHA and ¢) LAHA HAs (5 mg C/L, pH 4.8)

Chemically edited HAs: For the three HAs, of different origins, the hydrolyzed samples
induced the fastest overall leakage for the first hour and a half. This is very clear for both the
SWHA and LAHA sourced samples, while for the FPHA sourced sample this becomes apparent

already after the first 45 minutes. On the other hand, the bleached samples induced the slowest
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overall leakage and, as with the hydrolyzed samples, the differences between chemically edited
samples were the least apparent for the FPHA sourced sample. The Kkinetic data also reveal that
over the course of 90 minutes and up to six hours the hydrolyzed HAs obtained from all three
differently sourced HAs caused the largest perturbation, followed by the lipid-extracted HAs,
with the bleached HAs inducing the least amount of perturbation for all three HAs of different
origins.

Source specific chemically edited HAs:  For the bleached HAs samples, SWHA sourced
induced the slowest and the least significant perturbation, followed by bleached FPHA sourced,
with bleached LAHA sourced inducing the fastest and largest amount of leakage. For the
hydrolyzed HAs samples, the LAHA sourced sample induced the fastest perturbation followed
by SWHA sourced, with the FPHA sourced hydrolyzed sample resulting in the slowest and the
least amount of perturbation. For both the hydrolyzed SWHA and LAHA sourced samples a
plateau is reached by 100 mins, and although LAHA induces the fastest perturbation for the time
span studied, it appears that the SWHA sourced sample induces the largest overall perturbation,
while even after 6 hours the hydrolyzed FPHA sourced sample is still inducing increase
biomembrane perturbation. More homogeneous results were obtained for the lipid-extracted
HAs, with the FPHA and SWHA sourced samples yielding very similar results and the LAHA
sourced sample inducing somewhat faster and larger amount of perturbation. Once, again these
results provide further evidence that it is the aromatic moieties within all three reference samples
(unmodified HAs of different origins) that induce and are involved in the perturbation of

biomembranes.

85



3.3.6 Mechanistic Insights and Environmental Significance

The combination of the NMR and fluorescence data collected from bleached, hydrolyzed,
and lipid-extracted HAs strongly imply that it is the aromatic moieties within the three HAS,
regardless of their origin, that induce and are involved in biomembrane perturbation. The data
also show that even for the chemically edited HAs the perturbation process is complex and
consists of both a fast stage and a slow stage; the slow component for the hydrolyzed and lipid-
extracted LAHA sourced sample and the hydrolyzed SWHA sourced sample is minor, as can be
seen by the Kkinetic data presented in Figure 3.3. The combined data also show that the aromatic
moieties within the three HAs, from different sources, have a different potential to perturb
biomembranes. This finding has mechanistic and environmental implications.
3.3.7 Mechanistic Implications

The mechanism presented in the previous chapter had a hydrogen bridge condition. This
condition has been proposed previously in the literature [2] and, although not obvious, it is the
only one that accounts for all the experimental observations, including those in the previous
chapter. The results presented in this chapter and the apparent key role of aromatic moieties in
the perturbation of biomembranes are completely consistent with this proposal and further adds
to the development of the adsorption/absorption model, especially from a chemical perspective.

The requirement for a hydrogen bridge in the initial adsorption step of the
adsorption/absorption model requires the presence of accessible hydrogen bonding entities on the
natural organic matter (and the HS and HA subfractions) side of the HS/biomembrane couple.
Within the mixture known as natural organic matter (NOM) and the HS and HA subfractions
there are two major families of moieties that contain polar groups capable of hydrogen bonding,

and hence, utilize hydrogen as a bridge, namely carbohydrates (O-alkyls) and aromatics. The
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aromatic moieties are derived from lignin in plant material, and hence, inherently have phenol
and methoxy groups, while the carbohydrate moieties are derived mainly from cellulose, and
hence, have alcohol groups. During the natural degradation processes involving these starting
materials, a range of carbonyl groups are produced within both the carbohydrate and aromatic
functionalities [38], which provides the NOM the structural elements, such as an H atom at the
end of a polar bond or a lone pair of electrons on an O atom, needed for the hydrogen bridge.
With this in mind, one can now approach the results observed in this chapter.

The aromatic moieties within NOM and its HA subfraction posses the two characteristics
needed to perturb a membrane’s structure. The first is that it has the functional groups needed for
the formation of the hydrogen bridge required for the adsorption step, as evidenced by the *C
NMR signal envelope in the aromatic region between 137 to 160 ppm (C-O and C-N) in Figure
3.1. The NMR signal between 110-137 ppm is for C-C or C-H aromatic carbons, and hence, the
NMR data show that there is a large fraction of the aromatic carbons that are not functionalized,
and hence, are non-polar. Stated differently, there is evidence from the NMR data that, as a
whole, aromatic moieties have enough functionality to allow for the hydrogen bridge condition
of the adsorption step but, at the same time, there is a sufficient amount of hydrophobic aromatic
moieties to allow for biomembrane perturbation via hydrophobic interactions in the absorption
step of the adsorption/absorption mechanism.

The differences in biomembrane perturbation potential within the same type of edited
HAs samples sourced from HAs from different origins once again point to a range of aromatic
moieties within NOMs having the ability to perturb biomembranes, to a different extent. The
kinetic studies also show complex behavior, for all HAs via chemical editing, along the lines of

the complex behavior seen in the previous chapter for the unedited HAs. This is not surprising,
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given that both the adsorption and absorption steps are required and the fact that HAs studied in
the previous and this chapter, respectively, constitute complex mixtures of aromatic moieties.

The results presented here, combined with the data interpretation from the previous
chapter, allow for a chemically refined adsorption/absorption model for the perturbation of
membranes. Accordingly, aromatic moieties within NOM, in general, are adsorbed onto the
biomembrane wall via a hydrogen bridge and then are absorbed into the biomembrane via
hydrophobic interactions at “lattice” defects sites. It is the absorption step that induces the
perturbation that, in turn, induces the increased permeability seen for the biomembrane systems
in this study. An entire range of aromatic moieties can induce the observed biomembrane
perturbation, as shown by the kinetic data, which also show a fast and slow component.
Chemically, it is proposed that, due to their higher propensity to form the hydrogen bridge, the
more functionalized aromatic moieties are responsible for the fast component, while the less
functionalized aromatic moieties are responsible for the observed slow component, as they are
more likely to just tumble along the biomembrane’s surface and have a much lower probability
of forming the required hydrogen bridge due to their very low density of functional groups.
3.3.8 Environmental Implications

The evidence presented above for the three HAs studied, implies that NOMs high in
aromatic moieties, e.g., terrestrial NOM, have the potential to influence the permeability of
biomembranes at acidic pHs. As discussed in the previous chapter, spring runoffs are high in
terrestrial NOM, whose concentrations can be high enough to reduce the pH of the receiving
waters to well below 5 [39, 40]. This terrestrial spring runoff of NOM in moderate to far
Northern and Southern global regions have the potential to induce biomembrane permeability,

and hence, increase the potential bioavailability and toxicity of both inorganic and organic
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materials. As already discussed in the previous chapter, these findings have important
implications for the thawing of permafrost and the release of the trapped soil organic matter
reserves [39, 40]. In addition, modern agricultural practices, such as tilling, have led to a large
loss of terrestrial NOM into local watersheds [41]. Such losses not only reduce the fertility of
agricultural soils all over the world [41], but they may also make applied chemicals, such as
pesticides, more bioavailable via the biomembrane perturbation mechanisms discussed above.
As the vast majority of applied pesticides are hydrophobic [42], they have a high potential to
associate with aromatic moieties within the terrestrial NOM [43].

The results in this chapter also imply that the removal of aromatic moieties via bleaching
reduces the ability of the studied HAs to induce biomembrane perturbation. Serendipitously,
within the environment, similar removal of aromatic moieties can take place via photochemical
bleaching [44]. This means that, as the sun illuminates areas more intensely and for longer
periods of the time during spring and then summer months, this photochemical bleaching of
aromatic moieties is expected to take place in NOM that is shallow within the water column.
This, along with the potential of aggregation, means that the situation involving surface runoff of
terrestrial NOM aromatic moieties may not be as dire as one would first think.

3.4 Conclusions

Chemical treatment applied to the HAs investigated in this study generated specific
structural modification on the HAs samples: bleaching eliminated a significant portion of the
aromatic components; hydrolysis reduced most of the carbohydrates; and lipid extraction
removed most of the lipids. The study has further demonstrated that the hydrolyzed HAs interact
with the biomembranes more than the unmodified HAs, while the bleached HAs interact with

biomembranes the least. Data presented in this study serve as strong evidence that aromatic
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components within the HAs are the major biomembrane disruptors; however, direct evidence is
impossible to due to the complex and heterogeneous nature of HAs and NOMs as a whole.
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Chapter 4. Gold and Silver Nanoparticles Formation using Chemically Diverse Humic
Acids

4.1 Introduction

Nanoparticles (NPs) of metals, such as gold and silver, have been widely synthesized and
characterized due to their broad industrial applicability, in particular in electronics and personal
use products (silver NPs) and in the medical sector (gold NPs) [1-5]. While much of emphasis
has been put on the laboratory synthesis and application of the NPs, the possibility of NP
formation in the environment under natural environmental conditions, such as pH and
temperature, has been explored to a much more limited extent [6-9]. The typical synthesis of
gold and silver NPs involves the reduction of a metal salt by a reducing agent. Different reducing
agents have been used in the synthesis of Ag and Au NPs, such as HAs [6-9], borohydrates,
polysaccharides, alcohols, amines, carboxylic acids and fungi [5]. It has been shown that HAs
interact with and stabilize aqueous suspensions of a range of these synthetic NPs [10]. These
studies have demonstrated that lower concentrations of natural organic matter (NOM), including
HAs, increase the stability of the NPs by coating their surface, whereas higher concentrations of
NOM cause the aggregation of NPs [10]. Studies on the adsorption of NOM to NPs surfaces
indicated that NOM plays an important role in stabilizing NPs in the environment [11].

HAs are the major component of NOM as a whole, and are formed in the environment as
a result of microbial decomposition of plant matter. They are present everywhere in the
environment and are made up of complex heterogeneous and polydisperse mixtures of decayed
plant materials. They have a complex structure that comprises both hydrophobic and hydrophilic
moieties. Functional groups within HAs, such as the thiols, [12] quinones, methoxy, hydroxyls,
aldehydes, ketones, enols, and phenols [13] endow this macromolecule with the potential to

interact with and reduce metal salts to metal NPs. The percent chemical composition of HAs
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vary with their source, implying that the potential of a metal ion to become reduced by HAs will
vary depending on the chemical composition of the HA. HAs originating from an aquatic
environment (i) are less aromatic as they result from the degradation of mostly aquatic plants,
such as algae; (ii) are polar in nature, and (iii) have a high content of aliphatic domains. HAs that
form in the terrestrial and coal-rich areas are derived primarily from decomposing parent plant
materials, which tend to be rich in lignin’s and, as such, they are usually rich in aromatic
components and, therefore, are more hydrophobic in nature [14]. As HAs are prevalent
throughout the environment, and due to their chemical composition, it is believed that they may
play a key role in the formation of NPs naturally in the environment.

Along these lines, a number of studies have been carried out to study the potential of HAs
to reduce Au and Ag metal ions to form NPs. Machesky and co-workers [6] investigated the
potential of HAs to form colloidal gold (NPs) with a range of peat derived HAs and fulvic acids.
In this study, a range of environmental conditions were studied, such as HA and fulvic acid
concentrations of (2-20 ppm carbon), Au concentration (5-50 uM), as well as pH ranging from
3.5 to 8.5. This study clearly showed that HAs can act as reducing agents and form colloidal Au
(NPs). While thorough and pioneering, this study was rather limited in scope as it used HAs and
fulvic acids sourced only from peats, studied only Au, and the characterization of the colloidal
Au (NPs) was performed by UV/Vis at a single wavelengths only. This means the findings are
very specific and little is known about the formed Au NPs other than that they were formed.
Santos et al. [9] also investigated the ability of fulvic acids to form Au nanoparticles and showed
that, over a FA concentration 25 to 250 ppm a range of different types of nanoparticles were
formed, depending on the pH and fulvic acid concentrations. This study was systematic in

approach with the successfully accomplished goal of using fulvic acid to form NPs. The study
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was not aimed at the formation of NPs in the environment, and hence, used non-environmentally
relevant conditions, such as Au concentration being as high as 500 ppm; only a single humic
material was studied, and the temperature of the experiment was not discussed.

Humic acids have also been shown to reduce Ag to form NPs. The most comprehensive
study, to date that we are aware of, is that by Shrama and co-workers [7], in which the authors
study the formation of Ag NPs by HAs over a HA concentration range of 1 to 100 ppm, Ag
concentration range of 10 to 1000 uM (1 mM), and temperature range of 22 to 95 °C, utilizing
HA from aquatic, soil, and sediment sources. The study clearly showed that Ag NPs could be
formed at all conditions, studied, and characterized by a number of methods, including UV/Vis
absorption spectroscopy, dynamic light scattering, atomic force microscopy, and transmission
electron microscopy (TEM). Nevertheless, the vast majority of the study was on NPs formed at
90 °C, 1 mM silver concentration, and 100 ppm HA and only at single pH ranging between 7.4
and 8.1, depending on the HA studied. These conditions are at the extremes of environmental
conditions, and hence, the study leaves a large territory for further investigation. Two other
studies [8] [15] have looked at the potential of humic materials to form Ag NPs; however, these
studies used Ag and humic material concentrations too high to be considered environmentally
relevant to draw conclusions in regards to what might be taking place in the environment [16,
17].

Due to the environmental importance of humic materials in the fate, including
bioavailability, and transport of metals within the environment there is a clear need to
systematically study the role humic materials play in the formation of NPs. The work presented
in this chapter explores, for the first time, the formation of Au and Ag NPs under natural

environmental conditions in both acidic and basic media by reducing HAuCl, and AgNO3 using
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chemically diverse HAs. This study takes a systematic approach and focuses on 1) the potential
of HAs from different sources to form Au and Ag NPs, 2) the determination of the role of
environmentally realistic pH (both acidic and basic) conditions on the formation of Au and Ag
NPs, as well as 3) the importance of both the metal and HA concentrations on the formation of
Au and Ag NPs.
4.2 Experimental Section
Materials. Florida Peat Humic Acid (FPHA), Leonardite Humic Acid (LAHA), and Suwanee
River Humic Acid (SWHA) were purchased from the International Humic Substances Society
(IHSS, St. Paul, MN). Gold (1) chloride trinydrate (HAuCl4*3H,0) and silver nitrate (AgNO3),
were obtained from Sigma Aldrich (Milwaukee, W1). High quality (18MQ) deionized water was
made in our laboratory using an apparatus manufactured by US Filter.
Preparation of HAs

HAs stock solutions were prepared by initially adding 8.6 mg of HA in 50 mL of 0.01 M
phosphate buffer solutions at pH 4.8 or 7.6, followed by an alkalinization with NaOH for the
purpose of dissolving all HAs, then adjusting the pH back to pH 4.8 or 7.6 with HCI, and finally,
diluting the resulting solution to 100.0 mL with the appropriate phosphate buffer solution. All
HAs stock solutions used in this study were prepared in a similar way. HAs stock solutions were
diluted to environmentally relevant concentrations, ranging from 5 ppm HAs to 60 ppm, and
their pH were confirmed to be either 4.8 and 7.6 prior to the synthesis of the NPs.
Synthesis of Au and Ag NPs

The preparation of Au NPs involved a modification of the literature method reported by
Sharma and co-workers [7]. An aqueous solution of HAuCl, was mixed with the HA solutions at

pH 4.8 and pH 7.6. The samples were sonicated at 60 °C. Ag NPs nanoparticles were prepared
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by mixing aqueous solution of AgNO3; with HA solutions at pH 4.8 and pH 7.6 and stirred on a
hot plate, while gradually heated at 60 °C for 12 hours then allowed to sit on the bench. The
concentrations of the metal salt reduced to NPs were 250 uM, 25 uM and 1 pM for both Au and
Ag. Concentrations of HAs used in the reduction reactions were 2.5, 5, 10, 15, 20 and 30 ppm.
The HA-induced reduction of HAuCI, to Au NPs and AgNO3; to Ag NPs was monitored by
observing the color change from pale yellow to deep red and to dark yellow, respectively. These
solutions were allowed to cool and were stored in the dark. The nanoparticles were stable for use
for approximately 3 months.

Characterization of Au and Ag NPs

UV-Visible Absorbance Measurements: Absorbance spectra were collected from 300-600 nm
for Ag NPs and 400-700 nm for Au NPs using a 1.0 cm quartz cell. A Cary 100 Bio UV-visible
spectrometer was used to obtain the UV spectra. Deionized water was used as blank.

TEM: The NPs formed were imaged using transmission electron microscopy.

Figure 4.1 Au NPs solutions of different sizes

4.3 Results and Discussion

As mentioned above, stabilized Au NPs were prepared using chemically diverse HAs as
both the reducing and the capping agents. Formation of Au NPs was indicated by the change of
solution color from pale yellow to deep red Figure 4.1 and was further confirmed by the UV-Vis

spectroscopic analysis via the characteristic surface plasmon resonance peak (SPRP) at ~540 nm
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that is typical for gold NPs [18]. The surface plasmon resonance at ~540 nm is attributed to the
excitation of surface plasmon vibrations. This characteristic plasmon peak was observed for all
the HAs studied. Although a range of methods has been used to characterize Au NPs, as
discussed above, the monitoring of the SPRP has proven to be a powerful method in
characterising Au NP formation due to the SPRP dependence on 1) the NP size (the SPRP shifts
to either lower wavelengths for smaller particles or higher wavelength for larger or aggregated
particles); 2) the amount of NPs formed (the more NPs are formed, the more intense the SPRP
is), and 3) the degree of dispersion (the more disperse the NPs are in size, the broader the SPRP).
4.3.1 Monitoring the formation of Au NPs via their SPRP

Figures 4.2 to 4.5 present the UV/Vis spectra for reactions containing the indicated
concentration of HA under both acidic and basic conditions for Au metal concentrations of 1
uM, 25 uM, 75 uM, and 250 pM, respectively. From these data it can be seen that the metal
concentration, humic acid concentration, and HA type all play a role in the amount and nature of
the NPs formed. The lack of a SPRP in all the 1 uM Au spectra indicate that no Au NPs were
formed at this Au concentration regardless of HA concentration or pH. When the Au
concentration was raised to 25 uM, very different results are seen, especially for the acidic pH
samples. For the SWHA samples it can be seen that, at all HA concentrations, a SPRP is clearly
visible and is of similar intensity at a wavelength of 530 nm. These results indicate that,
regardless of SWHA concentration, approximately the same amount and size of Au NPs are
formed. On the other hand, FPHA at acidic conditions and at the same Au concentration gives
rise to a more complex picture. As one goes from 2.5 ppm to 10 ppm HA, the SPRP narrows,
indicating a narrower size distribution of the NPs formed. In addition, it can be seen that, while

the intensity of the SPRP goes up with the HA concentration increase from 2.5 to 5 ppm, it then
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decreases for the 10 ppm HA concentration, and subsequently steadly increases as the HA
concentration increases from 10 to 30 ppm. At the same time, it can be seen in Figure 4.3 that the
SPRP shifts to lower wavelengths as the concentration of the FPHA increases. In an effort to
explain these observations, lets consider two phenomena that occur when the concentration of
FPHA increases. The first is that, as the number of potential reducing sites increases, there are
more sites for Ag NP formation, yielding smaller NPs. The second is that as the FPHA
concentration increases, so does the possibility of conformational changes. This is particularly
the case at lower pH values as a result of the reduction of repulsive forces within the FPHA
supermolecular assembly due to the protonation of negatively charged functional groups. This
change in the FPHA conformation may change the amount of accessible reducing sites. This can
explain the up and down variation of the Ag NP SPRP between 2.5 and 10 ppm FPHA discussed
above. HA conformational change with concentration also means that one may not neccesarily
see a linear relationship between the intensity of the SPRP and HA concentration. A similar trend
is seen for LAHA at a Au concentration of 25 uM and at a pH of 4.8, as seen in Figures 4.3, with
the dip in the SPRP intensity occuring at 15 ppm, instead of the 10 ppm observed for FPHA, and
with the same plausible explanation for this behavior as that offered above for FPHA.

Data collected at pH 7.6 for a Au concentration of 25 uM show that, only hints of NP
formation is seen for all three HAs at the higher studied concentrations, with an exception for
FPHA at a concentration of 20 ppm. This obseveration would seem to indicate that at this
somewhat basic pH there are enough available binding sites within all three HAs to preferentially
bind Au ions instead of forming Au NPs in amounts sufficient for the Au NPs’ SPRP to emerge
from the inherent UV/Vis spectra of the HA, except at 20 ppm FPHA. Why FPHA at 20 ppm is

the exception is a question that requires further investigation.
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When the concentration of Au is increased to 75 uM, different results are obatined than at
a concentration of 25 uM Au. This can easily be seen by comparing the spectra in Figure 4.3 and
4.4. If one focuses on the acidic pH and starts off with SWHA, it can be seen that the two lowest
HA concentrations yield very different spectra than the higher HA concentration samples. The
Au NPs formed at the two lowest HA concentrations are much more polydisperse, as illustrated
by the much broader SPRP. In addition, while there are fewer NPs formed, as can be seen by the
lower intensity of the SPRPs, these sparse NPs are larger, as can be seen by the location of the
SPRPs. As the HA concentration increases to10 ppm or higher, more NPs are formed and the
NPs formed are smaller and more uniform, as evidenced by the increased intensity, decreased
wavelength, and narrower width SPRP, respectively. If one considers the NPs formed by FPHA
and LAHA at acidic pH, it can be seen that, in both cases, there is a minimum amount of NPs
formed at a HA concentration of 10 ppm, while the largest NPs are fomed at HA concentrations
of between approximately 15 and 10 ppm for FPHA and LAHA, respectively. As discussed
above, conformational changes within the HAs offer the most logical explanation for these
variations, and are expected to be more important for LAHA followed by FPHA, with SWHA
being the least prone to these issues as it has the highest oxygen (a measure of polarity in HAS)
content as well as carboxylic and phenolic content, which collectively hinder such
transformations to very tightly packed conformation in aqueous solution.

The 75 uM Au data at the basic pH yield much more consistent as more easily
understandable results than those discussed above for the acidic pH. For the NPs formed by
SWHA it can be seen by the intensity (once one considers the underlying intensity of the HA)
data in Figure 4.4 that, regardless of HA concentration, a consistent amount of Au NPs are

formed and that these NPs have approximately the same polydispersity and size, as illustrated by
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the wavelength data in Figure 4.4. Very similar results can be seen for FPHA, as illustrated by
the data in Figure 4.4. When it comes to LAHA under the same conditions, different results are
obtained. The first difference is that more Au NPs are formed at lower LAHA concentrations
(2.5, 5.0 and 10 ppm) than at higher LAHA concentrations (15, 20, and 30 ppm). Secondly,
while the sizes of the formed NPs are rather consistent with the NPs formed at the higher LAHA
concentrations, they are more polydisperse, as can be seen by the wider SPRP in Figure 4.4.
These results for LAHA can be explained once again by the conformational changes, including
aggregation, of LAHA at higher concentrations.

A Au concentration of 250 uM produces very polydisperse and generally large as
indicated by the broad peaks. NPs for all the HAs at the acidic pH, which is again, in all
likelihood, a result of this high Au concentration inducing large scale aggregation of the HAs due
to the scarsity of the negatively charged sites within the HAs. The fact that for none of the HAs
did the higher HA concentrations result in the most NPs being formed is consistent with HA
aggregation induced by the high concentration of Au. The aggregation assumption is consitent
with SWHA showing the smallest and LAHA showing the largest effect, respectively. The basic
pH data for all three HAs also show that there is a complex competition taking place between NP

formation and HA aggregation due to Au binding.
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Figure 4.2 UV-Vis spectra of Au NPs formed at 1um metal ion concentration and varying
concentrations of HAs a) SWHA pH 4.8. b) SWHA pH 7.6. ¢) FPHA pH 4.8. d) FPHA pH 7.6.
e) LAHA pH 4.8. and f) LAHA pH 7.6.
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Figure 4.3 UV-Vis spectra of Au NPs formed at 25 um metal ion concentration and varying
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Figure 4.4 UV-Vis spectra of Au NPs formed at 75 um metal ion concentration and varying
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Figure 4.5 UV-Vis spectra of Au NPs formed at 250 um metal ion concentration and varying
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e) LAHA pH 4.8. and f) LAHA pH 7.6.
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4.3.2 Monitoring the formation of Ag NPs via their SPRP

Figures 4.6 to 4.8 present the UV/Vis spectra for reactions containing the indicated
concentration of HA under both acidic and basic conditions for Ag metal concentrations of 1
uM, 25 uM, and 250 uM, respectively. From these data it can be seen that the metal
concentration as well as HA concentration and type all play a role in the amount and nature of
the NPs formed. The 1 uM Ag data show no evidence of NP formation at any of the tested HA
concentrations for any of the HAs at either acidic or basic pH; the same holds true for the 25 uM
Ag data at the acidic pH. At a Ag+ (aq) concentration of 25 uM at basic pH there is evidence of
NP formation for 30 ppm SWHA and for all but the lowest LAHA concentration. For SWHA the
evidence is a very clear shoulder at about 405 nm, while for LAHA, a weaker shoulder at ~405
nm (especially at the lower HA concentrations).

Clear SPRPs emerge for Ag NPs for the 250 uM Ag concentration at both acidic and
basic pH for all three HAs studied. From the acidic pH data it can be seen that NPs are formed at
HA concentration of 2.5, 5.0, and 10.0 ppm; however, it is difficult to clearly see any SPRP
evidence at higher HA concentrations. At higher HA concentrations the UV/Vis signature of the
HA may be overlaying the Ag NP SPRP signal. The most logical approach to overcome this
would seem to simply remove the HA signal through the subtraction of the appropriate HA blank
(no Ag). Due to the nature of the HA the situation is not this simple, as any silver bonded (NP
forming or otherwise) to the HA will cause comformational as well supermolecular assembly
changes, both of which have the potential to induce changes to the HA’s spectral signature. It
should also be noted that, as the SPRP peak gets weaker in comparison to the background signal,
its location appears to migrate toward the HA spectral signal; in the cases being discussed here

this means that the center of the SPRP will appear to move toward shorter wavelegths. Again,

107



this cannot be corrected for by subtracting a HA blank for the reason already discussed. The
same holds for the Au results discussed above, giving rise to the qualititative nature of the
discussion in this section.

Ag NPs are formed at all of the HA concentrations for both SWHA and FPHA at the
basic pH and at an Ag+ (ag) concentration of 250 uM; however, for LAHA at the higher
concentration (15 ppm and above) the Ag SPRP is weaker and is seen as a shoulder. The
reasoning for the weaker NP signal at the higher LAHA concentration is due to aggregation
processes. Evidence of the same phenomenon, i.e., the weaker SPRP signal, can be seen for the
higher concentrations of both SWHA and FPHA. However, the data clearly show that much
more Ag NPs are formed at the basic pH versus the acidic pH. The data also show that there is
very little variation in the location of the SPRP, suggesting homogeneity in the size of the Ag
NPs formed, regardless of HA concentration. The uniformity in size of the Ag NPs formed

seems to be independent of HA concentration.
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Figure 4.8 UV-Vis spectra of Ag NPs formed at 250 pm metal ion concentration and varying
concentrations of HAs a) SWHA pH 4.8. b) SWHA pH 7.6. ¢) FPHA pH 4.8. d) FPHA pH 7.6.
e) LAHA pH 4.8. and f) LAHA pH 7.6.

4.3.3 TEM Characterization of Au and Ag NPs
Although the analysis of the SPRPs of NPs by the UV/Vis spectroscopy can provide a

large amount of useful data, it is a bulk analysis with a number of limitations, including those
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discussed above. In particular, it yields no information as to the shape of the NPs formed. TEM
images, on the other hand, do provide this information, but TEM data are statically challenged as
they only sample a limited number of NPs and are resource instensive, limiting the number of
samples that can be analyzed. However, due to the unique information that TEM can provide,
and its complementary nature to the above UV/Vis analysis, a select subsampling of the NPs
formed in this work were characterized by TEM. The obtained TEM images are presented in
Figures 4.9 to 4.17.

The TEM images shown in Figures 4.9 to 4.13 are for the Au NPs formed with an Au
concentration of 75 uM for both of the tested pH values and at HA concentrations of 5 and 10
ppm. For the SWHA samples at the acidic pH the TEM images show that at a HA concentration
of the 5 ppm (Figure 4.9) there is a large variation in both the size and shape of the NPs. The size
range is from <10 nm to >100 nm, and include spherical, triangular and trapezoid shapes,
collectively giving rise to the very broad SPRP seen in the associated UV/Vis spectrum. If one
examines the TEM image when the SWHA concentration is increased to 10 ppm, one see large
differences. The first difference is that the size of the formed NPs is much more uniform and
ranges between 10 and 30 nm. The second difference is that the NP are much more regular in
shape, mainly spherical as well as some triangular. These findings are consistent with the
narrower SPRP in the associated UV/Vis spectrum. The differences in both the size and shape of
the formed NPs, seen here as a function of HA concentration, can be explained by there being a
limited number of sites within the less concentrated HAs suitable for NP formation. On the other
hand, at the higher HA concentrations, there are more such sites available, and hence, less of a
potential for aggregation of Au NPs as they grow. Figure 4.10 shows the complementary basic

pH TEM images for SWHA. Both the 5 and 10 ppm SWHA images show a higher degree of
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monodispersity of the NPs in terms of both size and shape, which is consistent with the obtained
SPRP profiles, as can be also seen from the corresponding UV/Vis spectra in Figure 4.4.

TEM images for the Au NPs formed by FPHA at both acidic and basic pH, as seen in
Figure 4.11 and 4.12, once again show large differences in the sizes and shapes of the Au NPs.
Focusing on the Au NPs formed at acidic pH, it can be seen that both the 5 and 10 ppm HA
concentrations yield Au NPs that are polydisperse in both size and shape. As with SWHA, the
shapes seen with FPHA range from spherical, triangular, and trapezoidal. The Au NPs formed at
the basic pH with FPHA at both 5 and 10 ppm HA concentrations yield much more
monodisperse NPs than those seen at the acidic pH, as was the case with SWHA. The quality (as
measured by high shape or size uniformity or monodispersity), in terms of shape (the more
uniform the better) and size distribution (the narrower the better) seems to be lower for FPHA
than for SWHA. Figure 4.13 shows the TEM image of Au NPs formed at the acidic pH in a 10
ppm solution of LAHA; once again this HA yields NPs that are polydisperse in terms of size but
rather uniform in shape. These and other conclusions drawn from TEM data must be made with
caution due to the TEM imaging ability to sample only a small number of the particles formed.
Nevertheless, the bulk UV/Vis analysis above does show a wide SPRP, which is consistent with

the TEM observation, and hence, builds confidence in the above discussion of the TEM results.
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a)

Figure 4.9 TEM images of Au NPs synthesized with 75 uM gold metal ion and SWHA at pH 4.8

Figure 4.10 TEM images of Au NPs synthesized with 75 uM gold metal ion SWHA at pH 7.6 a)
5ppm b) 10ppm HAS
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f)

Figure 4.11 TEM images of Au NPs synthesized with 75 uM gold metal ion FPHA at pH 4.8 a)
5 ppm b) 10 ppm HAs

Figure 4.12 TEM images of Au NPs synthesized with 75 uM gold metal ion FPHA at pH 7.6 a)
5ppm b) 10ppm HAs
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Figure 4.13 TEM images of Au NPs synthesized with LAHA at pH 4.8, 10ppm HA

TEM images of the Ag NPs formed in solutions containing 250 uM Ag as well were
collected at SWHA and FPHA concentrations of both 5 and 10 ppm. The TEM images for Ag
NPs formed at acidic the pH for SWHA are presented in Figure 4.14. and Figure 4.15 for pH 7.6
From these images it can be seen that the Ag NPs are formed in a range of shapes and over a
range of sizes, especially at 5 ppm SWHA, which is in agreement with the obtained UV/Vis
spectra. It should be noted that at neither of the two concentrations were the formed NPs of high
quality (uniform shaped particles). The TEM results show that the Ag NPs formed at the basic
pH and at a SWHA concentration of 5 ppm are rather uniform in both size and shape (spherical)
compared to those formed at the acidic pH under the same Ag and SWHA concentrations. The
NPs formed at a 10 ppm SWHA concentration under the basic pH yielded more uniformly sized
and shaped NPs when compared to their acidic pH counterparts, but less uniform NPs in terms of

size and shape than those obtained at 5 ppm SWHA concentration. TEM images of the NPs
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formed at the acidic pH in the presence of FPHA are presented in Figure 4.16 and Figure 4.17 for
pH 7.6. From these images it can be seen that NPs are formed; however, they are polydipserse in
terms of size (ranging from 20 to >100 nm) and shape at both FPHA concentrations. The Ag NPs
formed at the basic pH are much smaller and less polydisperse in size and shape at both 5 and 10

ppm FPHA, when compared to their acidic pH counterparts. The Ag NPs formed at 5 and 10

ppm FPHA also appear to be very similar to each other.

Figure 4.14 TEM images of Ag NPs synthesized with 250 uM silver metal ion SWHA at pH 4.8
a) 5ppm b) 10ppm HAs
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a) b)
Figure 4.15 TEM images of Ag NPs synthesized with 250 uM silver metal ion SWHA at pH 7.6

f)
Figure 4.16 TEM images of Ag NPs synthesized with 250 uM silver metal ion FPHA at pH 4.8

a) 5ppm b) 10ppm HAs
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Figure 4.17 TEM images of Ag NPs synthesized with 250 uM silver metal ion FPHA at pH 7.6

a) 5ppm b) 10ppm HASs

4.3.4 The Role of pH and Concentration in the Formation of Au and Ag NPs

Due to the nature of HAs, pH as well as concentration play major roles in the
conformation as well as aggregation of HAs. HAs can be viewed as supermolecular assemblies
held together by weak non-covelent interactions, which will be, from now on, called weakly
associated molecular assemblies (WAMAS) [19]. Due to the range of functional groups within
HAs, different pH values and concentrations will give rise to a different way of balance between
the repulsive and attractive forces provided by diverse functional group combinations. In
addition to these non-covalent interactions, the so-called hydrophobic interactions need to also
be considered. The higher the HA concentration, equivalent to an increase in the HA to water
ration, the higher the probability of the HA interacting with itself, and the lower the probability
of it interacting with water. This means that both pH and HA concentration will play a role in
terms of the HA WAMAs conformations, and hence, the access metal ions in solution have to the

available metal binding sites within the HA WAMAs. The binding of free metal ions will also
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induce a range of changes within the conformation of HA WAMAs, as the binding of metals will
reduce the number of negatively charged sites, changing the balance between the repulsive and
attractive forces among various negatively and positively charged functional groups. In addition,
metal ions with larger than a 1+ charges, can be bound to more than one binding site within the
HA WAMAs, and hence, act as a bridge further affecting the conformation of the HA WAMAs,
and hence, changing the distribution of accesible binding sites. Overall, this means that more
condensed HA WAMAs with fewer available and more closely packed binding sites are
expected at acidic pH conditions and at high HA and metal ion concentrations.

In terms of NP growth, two things must be considered. The first is that the HA does not
have too many available binding sites to bind all, or the vast majority of, the metal ions, here Au
and Ag. Consequently, a critical number of Au or Ag atoms are not available to cluster and form
NPs. This situation appears to happen for both Au and Ag at the 1 uM concentration and, for Au
at 25 uM at the basic pH as well as for Ag at 25 uM at both of the pH studied. The second
extreme case is due to the HA WAMASs being so closely packed that they aggregate, forming
highly constricted binding sites, as would be expected at low pH and high metal concentrations.
The exact role of HA is complicated in that, while higher HA concentration potentially provides
more binding sites, more HA contributes to more aggregated the HA WAMASs. The evidence of
low pH and high metal and HA concentrations leading to a decrease in the amount of Au binding
sites available can be inferred from the SPRP data collected for LAHA at the acidic pH at the Au
concentration of 250 uM, where the SPRP intensity was at its maximum for the LAHA
concentration of 5 ppm. In addition, such a HA WAMAs case would also lead to the potential
aggregation of Au NPs, as can be seen by the longer wavelength signature in the SPRPs. The

SPRP peaks for SWHA under the same condition show an increasing intensity occuring with
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increasing SWHA concentration up to 20 ppm, indicating that more potential binding sites for
Au NPs are available at higher SWHA concentrations up to 20 ppm.

The basic pH data at both 75 and 250 uM Au show much less aggregational effects, as
can be seen by the more systematic increase in the SPRP intensity with increasing SWHA and
FPHA concentration for 75 uM Au. This is especially true for SWHA and FPHA and, at the
lower concentrations (2.5, 5, and 10 ppm), for LAHA as well. Shifting attention to the 250 uM
data, it can be seen that more NPs are formed at the basic pH compared to the acidic pH for
SWHA and FPHA as well as LAHA for the majority of the LAHA concentrations under
investigation, indicating more available sites for the Au NP formation at the basic pH versus the
acidic pH. This observation is consistent with the above discussion in regards to more sites being
available at the higher pH due the decreased proton competition for the sites as well as a more
open conformation with a higher amount of accessible sites. The 250 uM Ag SPRP data are
consistent with the above findings for Au.

All TEM images collected at the acidic pH show possible HA aggregation. This
aggregation can be seen by the clustering effect of the NPs, and, in a number of cases (e.g., on
the TEM image of the LAHA Au NP in Figure 4.13), a lighter gray colored aura around the NPs.
Also, based on the irregular shapes of the large NPs, it could be proposed that some of the NPs
formed at the acidic pH could be due to the smaller NPs aggregating with larger NPs. This is also
supported by the longer wavelengths of the SPRP of the NPs at the acidic pH as a whole, and
example of this is shown in Figure 4.16.

Thus, the overall trend is that, lower pH and higher HA and metal concentrations, tend to

yield larger NPs that are more polydisperse in terms of both size and shape.
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4.3.5 The Role of Different HAs in the Formation of Au and Ag NPs

The three HAs used in this study are from very different sources and, as such, have
different chemical compositions. This, in turn, means that they will interact with Au and Ag ions
differently. Table 1.1 presented in Chapter 1 shows the differences among the HAs under
consideration here. From those data it can be seen that these three HAs are diverse in regards to:
1) elemental composition, including O, N, and S content; 2) functional group content; and 3)
radical spin content. However, all three HAs were able to reduce Au and Ag at both acidic and
basic conditions. This implies, under the conditions studied, that the reduction of both Ag and Au
are thermodynamically favorable. This means that all three HAs studied must have sites that
have reduction potential lower than approximatley 0.8 V, based on the standard reduction
potential of Ag (see discussion below on the role of metals). The redox properties of HAs have
been previously studied and shown to be important in the reduction of chlorinated aliphatic
compounds [20], substituted nitrobenzenes [21], oxidized metal ions [22] [23, 24] as well as in
the ability of HASs to act as electron acceptors or donors during microbial respiration [24]. These
studies have traditionally looked at the electron carrying capability (ECC) (pequiv/g HA) of
different HAs. For the HAs studied here, SWHA has the highest ECC, followed by FPHA, with
LAHA having the lowest ECC for the non quinone sites while LAHA has the highest followed
by FPHA, with SWHA having the lowest ECC for the quinone sites [25]. This ECC ranking is
based on more than a simple bulk number, as there are at least three distinct classes of redox sites
within the three HAs studied [25]. The chemical nature of these three distinct redox sites can be
summarized as non-quinone-like (NQL), quinone-like with electron withdrawing group next to
the quinone-like group (QL1), and quinone-like with no substituents or with an electron donating

group in the vicinity of the quinone-like group (QL2). NQL sites account for close to one half
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(56% and 49%) of the ECC of both SWHA and FPHA, respectively, while for LAHA, the QL2
sites account for 50% of the observed ECC.

As thiols and disulfides are known to be capable of reversible redox cycling to sulfoxide,
and both Au and Ag are known to preferentially bind to sulfur over the oxygen-containing sites
within the HAs, it seem resonable to hypothesise that the NP formation sites within both SWHA
and FPHA are sulfur based NQL sites. It should be noted that nitrogen containing species, in
addition to sulfur functional groups, have also been proposed as redox sites within aquatically
derived HAs [26] thus, in addition to sulfur-based sites, it also seems resonable to consider
nitrogen-based NQL redox sites for SWHA and FPHA. If one combines this with the elemental
data presented in Table 1.3, it can be concluded that SWHA and FPHA have large amounts of
reduced sulfur compared to LAHA. On the other hand, reducing groups in LAHA are primarily
of the QL2 type, and thus, the binding site for the metal ions may be oxygen-centered rather than
sulfur-centered. This would seem to contradict the fact that, of the three HAs studied here, the
LAHA has the highest percentage of sulfur, though it can be argued that not all sulfur sites
within HAs are equivalent. In fact, it has been reported in the literature that, the more mature
HAs (LAHA is the most mature of the HAs studied here), the more likely sulfur is to be in an
oxidized form [27]. The complexity of HA means that, in all probability, there is a combination
of NQL and QL2 sites that are involved, but the discussion above focuses on the major one for
each HA investigated.

The ability of SWHA to yield more consistent in terms width, position, and intensity
SPRPs for the NPs formed at acidic pH as a function of HA concentration may be attributed to
more NP forming sites being accessible. This may be due to the SWHA being less aromatic in

nature, and hence, having more flexible WAMASs [7]; however, given the complex nature of
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HAs, a more systematic investigation is required to explore the specific roles of aliphatic,
aromatic and carbohydrate moieties. Such a systematic study is presented in Chapter 5, and
hence, further discussion on the roles of HA chemistry on Au and Ag NP formation will be left
to Chapter 5.

4.3.6 The Role of the Metal in NP Formation Via HAs

The two metals used in this study were chosen as they are known to form NPs under a
variety of conditions. However, even though they are in the same column (11) in the Periodic
Table of Elements, they are unique in their chemistry. As stated above, one of the major criteria
for Au and Ag NPs formation by HAs is that the HA must be able to reduce both metals, as
shown below along with the associated standard reduction potentials [28]:

Au® +3e — Au(s) E°=1.50 V (4.1)
Ag'+e — Ag(s) E°=0.80 V 4.2)

It is worthwhile to note that, while the above gold and silver reduction potentials are at
standard conditions, their relative order will be maintained at corresponding non-standard
conditions. If this is taken into consideration—along with the fact that the SPRP data presented
above clearly showed that it was much easier to make Au than Ag NPs at all but the highest
metal concentration where the aggregation appeared to be a major problem—it can be concluded
that the reduction potentials of all three HAs under most conditions is closer to, but still below
Ag.

Traditionally, both Au and Ag are referred to as soft metals and, as such, their cations are
more likely to bind to soft anions, such as sulfur-centered binding sites within HAs (e.g., thiols),
compared to the hard binding sites, such as oxygen-centered ones (e.g., carboxyl functional

groups). The concept of “soft” versus “hard” in this context is based on hard and soft acid-base
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theory (HSAB), which has been developed through empirical observations [29], and showed
that, while both Au and Ag are soft acids (SA), they form different precipitates and, as such, are
classified as Group II and I, respectively. This classification is based on the fact that Ag forms a
precipitate with 0.3 M HCI, while Au forms a precipitate in the presence of H,S in acidic
solution. Au and Ag can further be separately classified utilizing geochemical classification
developed by Victor Goldschmidt [30] according to which, Au is considered to be a siderophile
and Ag is considered to be a chalcophile. Accordingly, a chalcophile can be viewed as “sulfide-
forming”, while a siderophile can be viewed as “occurring as a noble metal”. Stated differently,
siderophiles are more likely to interact with themselves. This, plus the finding that Au NPs are
formed more readily than Ag NPs in the presence of HAs, leads to the conclusion that, once a
Au’ jon is reduced, there is a higher probability of it attracting more gold ions that will, in turn,
be reduced, forming and initial gold cluster. As more Au ions are assimilated, this cluster
becomes a NP. On the other hand, since Ag is less likely to interact with itself there is a lower
probability of Ag NPs formation, unless the Ag ion concentration is very high.

By combining the fact that there is a higher probability that HAs will have Au reducing
sites (due to the higher reduction potential of Au) and the fact that Au is more likely to interact
with itself compared to Ag, it becomes clear why Au NPs are more easily formed with HAs
acting as the reducing agent, compared to the Ag NPs.

4.4 Conclusion

This study has demonstrated that all the three chemically diverse HAs studied here
reduce metal salts to their NPs. The metal reduction reactions were faster in the reactions with
SWHA, as compared to FPHA and LAHA, which required almost similar time. We have shown

that the NPs formed at both pH 4.8 and pH 7.6 for both silver metal (for the first time at an acidic
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pH and at environmentally relevant concentrations) and gold metal, and that the NPs formed at
pH 4.8 were mostly aggregated, while the NPs at pH 7.6 were suspended in solution. This study
has further demonstrated that the reduction reactions were faster for gold metal, as compared to
silver metal, which required 4-5 weeks for complete synthesis. In addition, this study has
demonstrated that reduction of metal salt to metal NPs is dependent on the metal salt
concentration as well as the source and concentration of HAs, and that potentially, at extremely
low concentrations, such 1 uM, metal salts may not be reduced to metal NPs in the natural
environment.
4.5 Environmental Implications

Although this study shows that Au and Ag nanoparticles can be formed, a more
appropriate question may be whether such nanoparticles have been found in the environment.
The answer to this question is yes. For Au, there have been a number of reports from the
Amazonian area of Brazil [31]. For Ag, reports include Ag NPs found in Zacatlan, Puebla,
Mexico in the area of previously active silver mines [32] as well as within the Texian fluvial and
estuarine waters [33]. It should be noted that all these areas can be viewed as warm to hot on a
global scale, which is not surprising given the findings that Au and Ag NPs are more readily
formed at higher temperatures (this work as well as [7]. This would imply that Au and Ag NP
formation within the environment should be more problematic in warm to hot regions of the
planet compared to cooler areas.

With the results presented above for the three HAs studied, it is evident that metal ions
present in the environment can potentially be reduced to metal NPs by HAs and be stabilized at
the same time. This study has further demonstrated that HAs of concentration ranges typical to

those found to oceans, rivers, swamps, etc., [16] can reduce metal ions to metal NPs at
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environmentally relevant pH conditions, such as 7.6 and 4.8, and temperature of 60 °C. The
demonstration of the formation of the NPs at this temperature has important environmental
implications in hot springs, where Ag NPs concentrations have been reported to be in the
milimolar range [34].

There are a number of potential anthropogenic sources of Au and Ag, including mine
run-offs and leaks during ore processing. Under these circumstances, it is anticipated that the
associated mine run-off waters would be acidic, making receiving waters acidic, thus making our
findings that both Au and Ag NPs can be formed at acidic pH environmentally relevant. In
addition, on a whole, natural waters are naturally acidic due to the dissolved CO, and the
subsequent carbonate buffer system formation, ubiquitous in the majority of waters, again,
making our findings that Au and Ag NPs can be formed in the presence of HAs highly
environmentally relevant. In addition to the natural leaching (documented in the Amazonian area
of Brazil, as mentioned above) and mining run-offs, NPs enter the environment from a variety of
medical uses (e.g., Au’ in the form of myocrism or chloro(triethylphosphine)gold(l)
{(C2Hs)3sP:AuCl} and gold(l) thiomalate {[Au-S-CH(COO Na")],} electronics as well as jewelry
manufacturing in which gold is used, and finally, dentistry in some areas of the world were gold
dental work is popular. Sources of silver are natural (i.e., geological), mining, electroplating,
film-processing wastes, disinfection of water, and medicinal (e.g., from the use of silver as an
antibiotic agent) [29]. Thus, as can be seen by these lists, that there are a number of sources of
both Au and Ag at environmental release points, and the concentrations of these metals may be
high enough for the formation of NPs with humic materials present in the environment. Finally,
it was found by color change, that NPs could be formed at room temperature by us and others (in

this work, using color change as evidence as well as [7], that higher temperatures, as those found
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in hot springs and discharges from nuclear plants are much more favorable for nanoparticle
formation and, as pointed out by Akaigne et al., some natural hot springs have very high (mM)
Ag concentrations [34]. when compared to other natural waters [7]. Since natural hot spring
water is at the correct temperature, it is also usually acidic, once again makes our finding of Ag
nanoparticles being formed at acidic pHs very environmentally relevant. The same holds true for
natural deep sea vents in terms of high silver and concentrations.

The fact that HAs can reduce metal salts to metal NPs at acidic pH conditions has an
important environmental implication, especially in regards to the bioavailability of the so-formed
NPs to living organisms since we, as well as other research groups have shown that HAs interact
and perturb the biomembranes at acidic pHs. This, therefore, means that metal NPs present in the
environment could find their way into the living organisms in the environment, which may have
major impact, in terms of bio concentrations. With wide applicability of Ag NPs in personal care
products, it is likely that Ag”™ (aq) will find their way to the environment in large amount in the
near future, where they can potentially degrade back to metal ions, which could eventually be
reduced by HAs present in the environment to form metal NPs. This is particularly important
since we have shown that concentrations of metal salts as low as 25 pM can be reduced to metal
NPs at environmentally relevant conditions. These findings have important implications in the
amount of NPs that may be bioavailable to living organisms through biomembrane perturbation
mechanisms, as has been discussed in the chapters 2 and 6.
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Chapter 5. Roles of Different Moieties within HAs in the Reduction of Metal lons to Metal
Nanoparticles

5.1 Introduction

Humic substances (HSs) are natural organic acids, ubiquitous in the environment, where
they are formed through the decomposition of parent plant materials. They are made up of
polydisperse complex heterogeneous mixtures of decaying plant matter. HSs are made up of
different components, such as aromatic, aliphatic, carbohydrate and amino acid moieties, as well
as other forms of heterocyclic and polyaromatic functionalities [1, 2]. Due to their nature HSs are
traditionally separated into humic acid (HA), a fraction of humic substances, are soluble at pH 2
and above, fulvic acid (FA) is soluble in water at all pH values, and humin which is insoluble in
aqueous solutions regardless of pH [3]. Humic acids are the most dominant in the natural
environment, comprising about 50-80% of natural organic matter (NOM) in the environment [4].

The aromatic moieties within HAs are usually derived from slow decomposition of plants
rich in lignins and tannins that are responsible for moieties such as quinones and phenol, and
functional groups such as the methoxy and carboxylic acid [3]. On the other hand, the
carbohydrate moieties within HAs mainly originate from plants rich in cellulose, hemicellulose,
and simple sugars, and are comprised of functional groups, such as aldehyde, ketone and alcohol
[3]. Cutins and cutans are the main source of lipids in HAs. Lipids are comprised mainly of
alkenes, alkanes, n-alkyls, fatty acids, and alcohols [5] [6-9].

The chemical composition of HAs varies with their source; aquatic HAs, such as SWHA,
is mainly composed of aliphatic moieties [10] in addition to the reduced organic sulfides [11].
Terrestrial HAs, on the other hand, are rich in aromatic backbones [10] and contain the oxidized
form of organic sulfur [12]. Due to the presence of a variety of moieties in HAs, they are

endowed with various chemical functionalities that could be involved in the reduction of
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dissolved metals to metal nanoparticles, such as thiols [11] quinones, methoxy, hydroxyls,
aldehydes, ketones, enols, and phenols [3].

Several studies have shown that HAs can reduce dissolved metals to metal NPs [13] [10,
14, 15]. The reduction of Au** (aqg) to Au NPs using HAs under natural environmental conditions
has been reported; [13] similarly, the reduction of Ag® (aq) to Ag NPs using HAs under natural
environmental conditions has been reported [10, 14]. The reduction of bulk Ag to Ag NPs has
been reported [16]. Also, the ability of HAs from three different sources to reduce Au and Ag to
form NPs was shown in Chapter 4. The major focus of these studies was on the reduction of
metal salts to metal NPs at different conditions.

However, due to the complexity and the varied functionality of HAs, it is important to
determine the specific moieties within HAs involved in the reduction of dissolved metals to
metal NPs. The studies mentioned above have been focused on the formation of NPs, and hence,
have been NP oriented. This means that they have merely implied the role of HA composition.
The study presented below takes a forward step by investigating, using UV-Vis spectroscopy, the
roles of aromatic, aliphatic (alkyl), and carbohydrate (O-alkyl) moieties within HAs in the
formation of metal NPs with, and the stabilization of the formed NPs by, the three HAs from
different environmental origins. The information generated from this study aids in determining
the fate of dissolved metals in the aquatic and terrestrial environments by investigating the
mechanism of their reduction to metal NPs under natural environmental conditions, along with

the stabilization of the NPs formed.
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5.2 Experimental Section
Chemicals and Materials

Suwannee River Humic Acid (SWHA), Florida Peat Humic Acid (FPHA) and Leonardite
Humic Acid (LAHA) were purchased from the International Humic Substances Society (IHSS,
St. Paul, MN). Methanol, benzene, hydrochloric acid, acetic acid and sodium chlorite were
purchased from Fisher Scientific Company (Somerville, NJ). Gold (Ill) chloride trihydrate
(HAuUCI43H,0) and silver nitrate (AgNO3) were obtained from Sigma Aldrich (Milwaukee, WI),
and high quality 18MQ deionized water was obtained with the use of the US Filter apparatus in
our laboratory.
Chemical editing of HAs

Specific structural components within HAs were removed and the samples were
characterized using ramp CP-MAS *C NMR; details of the chemical treatment and
characterization of the chemically edited HAs are discussed in Chapter 3.
Synthesis of Au and Ag NPs

Au NPs and Ag NPs were prepared following procedures outlined in Chapter 4 except
that chemically edited HAs were used in this synthesis instead of the original HAs. All the
synthesized NPs were formed through the reduction of 250 uM HAuCI, and AgNO3 to form Au
NPs and Ag NPs, respectively. The reduction by HAs of HAuUCI, to Au NPs and AgNO3 to Ag
NPs was monitored through the observation of the color change from light yellow to deep red

and yellow for gold and silver NPs, respectively.
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Characterization of Gold and Silver Nanoparticles:
UV-Visible Absorbance Measurements

Absorbance spectra were collected from 300-600 nm for Ag NPs and 400-700 nm for Au
NPs using a 1.0 cm quartz cell. A Cary 100 Bio UV-visible spectrometer was used to obtain the
UV-Vis spectra. Deionized water was used as blank.
5.3 Results and Discussion

As in Chapter 4, there will first be a discussion of the formed NPs, as viewed through
their characteristic surface plasmon resonance peak (SPRP) visible in a UV/Vis spectrum. The
use of SPRP here is based on the fact that, as was found in Chapter 4, such characterization is
information rich and, for the HA NPs formed, the SPRP were consistent with the transmission
electron microscopy (TEM) analysis across the board. In short, the SPRP shifted to either shorter
(or longer) wavelengths with a decrease (or increase) in NPs size, and its absorbance increased
(or decreased) with an increase (or decrease) in the number of NPs formed. This SPRP
discussion will be followed by a discussion that addresses the influence of the different moieties
within the three different HAs in the formation of Au and Ag NPs.
5.3.1 Formation of Au and Ag NPs by Chemically Edited HAs

The UV/Vis spectra characterization of the Au and Ag NP formed with the (i) bleached,
(it) hydrolyzed and (iii) lipid-extracted HAs are presented in Figures 5.1- 5.6. (Note that the scale
on the y-axis is not consistent, this is to allow for clear observation of the SPRP). As a general
trend, the formation of both Au and Ag NPs was more consistent at pH 7.6 than at pH 4.8.
Bleached SWHA (bSWHA)

The bSWHA sample at pH 7.6 formed Au NPs at all concentrations studied, except at 30

ppm. The SPRP shifted to shorter wavelengths with the increasing concentrations of bSWHA,
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indicating that the NPs formed were stable, as there was sufficient HA to bind and stabilize them.
In general, the greatest amount of NP formation occurred at 15 ppm bSWHA concentration. A
subsequent decrease in NP formation at higher bSWHA concentration of HAs is illustrated by
the decrease in the intensity of the plasmon peak. This could be attributed to the formation of a
large number of NPs that rapidly aggregate and fall out of solution. At pH 4.8, the characteristic
plasmon peak was observed at 10 ppm bSWHA and above. There appeared to be no further
formation of NPs at the higher concentration as no further increase in the plasmon peak was
observed. At pH 7.6, Ag NPs were only formed at high concentrations of the bSWHA, i.e., 15,
20 and 30 ppm. The formation of NPs decreased with the increasing concentration of this
bleached humic acid. More NPs were formed at 15 ppm bSWHA. At pH 4.8, the characteristic
plasmon absorbance band was observed at all the concentrations studied, except at 2.5 and 30
ppm bSWHA. Even then, the amount of NPs formed at this pH is very small, as indicated by the
very weak SPRP. As discussed in the previous chapter, the lack of NP formation at some HA
concentrations can be due to 1) the metal ion being bound to sites that are too isolated (high pH
and HA concentration) or 2) aggregation of the HA due to either too much bridging by the metal
ion (low HA concentration) or HA-induced aggregation (low pH and high HA concentration).
These explanations have been discussed at length in the previous chapter, thus they will not be
discussed here in detail. It should be stated, however, that the above pH and HA concentration
trends are consistent with these mechanisms.
Bleached FPHA (bFPHA)

The formation of Au NPs with bFPHA formed at pH 7.6 depended upon the
concentration of HA. At FPHA concentration greater than 10 ppm, there is clear evidence of NP

formation. The maximum SPRP peak absorption was obtained at 15 ppm bFPHA, and then
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decreased with the further increase in bFPHA concentration. This indicates that 15 ppm of
bFPHA is sufficient to reduce Au®* (ag) to Au NPs. The SPRP decreased with further increases
in bFPHA concentration, indicating that this bleached humic acid could be aggregating at
concentrations above 15 ppm. This would result in the formation of fewer Au NPs due to an
insufficient amount of bFPHA in solution needed to reduce the dissolved metal to form Au NPs.
Aggregation of bFPHA at high concentrations was also postulated in Chapter 2, 3, and 4 [17-20].
At the acidic pH of 4.8, more NPs were formed as the concentration of bFPHA increased from
10 ppm up to 30 ppm. It can be seen that, as one goes from 10 to 15 ppm in terms of bFPHA,
there is a change in the SPRP in terms of it becoming both wider and shifted to a higher
wavelength, indicating that more, larger in size and more polydisperse NPs are formed at 15 ppm
bFPHA compared to 10 ppm. As the HA concentration increases, the SPRP further narrows, but
remains centered at a higher wavelength, indicating larger Ag NPs are formed and that the
transition takes place somewhere between 10 and 15 ppm. Bleached FPHA at pH 7.6 reduced
Ag’ (agq) to Ag NPs at all the bFPHA concentrations investigated, except at two highest
concentrations of 20 and 30 ppm. This finding is consistent with the results for the formation of
Au NPs using bFPHA with the aggregation of bFPHA resulting in the potential loss of reduction
sites within this humic acid needed to react with the aqueous metal to form metal NPs. On the
other hand, at a pH of 4.8 the SPRP was only observed at 2.5 ppm bFPHA,; again, this can be
explained by HA aggregation at higher concentrations.
Bleached LAHA (bLAHA)

The bLAHA formed Au NPs at all bLAHA concentrations investigated, except with 2.5
ppm HAs at pH 7.6. The intensity of the SPRP increased and the peak broadened with increasing

concentrations of bLAHA. While the higher SPRP intensity could be attributed to the formation
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of more NPs with increasing concentration of bLAHA, peak broadening could be attributed to
the increase in size of the NPs formed. At pH 4.8, the characteristic plasmon absorbance was
observed at all the studied bLAHA concentrations; however, the peaks were broader at lower
concentrations, specifically at 2.5 and 5 ppm, and narrower at 10 ppm and above. The SPRPs
were shifted to shorter wavelengths at bLAHA concentrations above 5 ppm, indicating the
formation of the stable Au NPs being smaller in size. The peaks increased in intensity and
broadened with increasing bLAHA concentration, before decreasing at the 30 ppm bLAHA
concentration. The increase and broadening in the SPRP with increasing concentration of this
humic acid could be a result of the formation of more NPs and the coating of the NPs with
excess HA. The reduction of Ag” (aq) with bLAHA at pH 7.6 resulted in the formation of Ag
NPs at lower bLAHA concentrations, as illustrated by the characteristic plasmon absorbance of
the Ag NPs at 2.5, 5, and 10 ppm bLAHA concentrations. The absence of the plasmon peak at
higher concentration of bLAHA could be attributed to aggregation of bLAHA, leaving an
insufficient LAHA to reduce the aqueous metal. At a pH of 4.8, the only evidence of NP

formation—obtained via the emergence of a SPRP—is at a bLAHA concentration of 2.5 ppm.
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Figure 5.1 UV/Vis spectra of Au NPs formed with the bleached SWHA (bSWHA), FPHA
(bFPHA) and LAHA (bLAHA) HAs at pH 4.8 a) ¢) €) and pH 7.6 b) d) f). (Note that the scale on
the y-axis is not consistent, this is to allow for clear observation of the SPRP)
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Figure 5.2 UV/Vis spectra of Ag NPs formed with the bleached SWHA (bSWHA) FPHA,
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Hydrolyzed SWHA (hSWHA)

Hydrolyzed SWHA Figure 5.3 and Figure 5.4 yields very little Ag NP at either of the two
pHs studied. At a pH of 7.6, it can be seen that NPs are best formed at the lowest hSWHA
concentrations, namely 2.5 and 5 ppm and there is some evidence of very polydisperse NPs
being formed at hNSWHA concentrations of up to 20 ppm. One can also see that between 2.5 and
5.0 ppm, the size and polydispersity of the formed NPs decreases. If one looks at the pH 4.8 data,
it can be seen that at Au NPs are only formed at the higher h\SWHA concentrations of 20 and 30
ppm, with the size distribution decreasing with increasing HA concentration. The fact that Ag
NPs are formed at the highest hNSWHA concentration is counter to what one would normally
expect due to aggregation processes, especially at this pH. This result can be explained by the
fact that, at higher HA concentrations, there will be more sites for Ag reduction available to form
the Ag NPs, thus it appears that at pH 4.8 this factor overrides aggregation processes. At the pH
of 7.8, only the 10 ppm hSWHA concentration yields strong evidence of NP formation, i.e., a
broad SPRP, while at 2.5 ppm there is only a hint of a SPRP. Why there is no evidence of a
SPRP at 5 ppm is puzzling. At a pH of 4.8, there is no evidence of Ag NP formation at any of the
hSWHA concentrations examined.

Hydrolyzed FPHA (hFPHA)

The hFPHA formed Au NPs at pH 7.6 at all the studied concentrations of this humic acid;
however, the relationship between hFPHA concentration and the amount of NPs formed as well
as their size and size polydispersity is very complex. For instance, there is an increase between
2.5 and 5 ppm, followed by a decrease between 5 and 10 ppm, followed by an increase between
10 to 15 ppm, followed by a decrease between 15 to 30 ppm. This zig-zag behavior would

appear to indicate that there is a complex balancing act taking place involving the amount of Au
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bound, the closeness of these sites so that NP aggregation may be induced, and the potential
aggregation of the humic acid itself. With this said, it is clear that at this basic pH, the hFPHA is
very capable of forming Au NPs throughout the studied concentration range. At pH 4.8, similar
fluctuations in the amount of NP formed with the increasing HA concentration are observed, and
therefore, can be explained using similar arguments. What is clear is that, at the higher HA
concentrations of 20, 30, and especially 30 ppm, there is a clear and well defined SPRP, and the
most Au NPs are formed at the hFPHA concentration of 30 ppm. The results for Ag are much
more consistent. At a pH 7.6, Ag NPs are formed at all of the lower hFPHA concentrations up to
and including 15 ppm. Between 2.5 and 5.0 ppm, a transition takes place, whereby a broad SPRP
becomes a well defined one, indicating an increase in the quality of Ag NPs formed in terms of
size distribution. Between 5 and 15 ppm there is a steady increase in the intensity of the SPRP,
indicating an increasing number of Ag NPs being formed, and it appears that there is little
change in their size or in size distribution. If one now considers the pH 4.8 data, it can be seen
that NPs are being formed between 2.5 and 15 ppm, with an increasing intensity of the SPRP,
and hence, an increase in the number of NPs formed.

Hydrolyzed LAHA (hLAHA)

Hydrolyzed LAHA samples at pH 7.6 resulted in the formation of Au NPs at all
concentrations except at 30 ppm, as indicated by the plasmon peak. There was a steady increase
in the SPRP’s intensity as the hLAHA concentration increased from 2.5 to 15 ppm and a
decrease when the hLAHA concentration increased from 15 ppm to 30 ppm (ultimately, with no
SPRP peak at 30 ppm). It should be noted that the SPRP at both 10 and 20 ppm of the hLAHA
concentrations are almost identical in intensity; however, the 20 ppm SPRP is centered at a lower

wavelength, indicating that the NPs at this higher concentration are smaller in size. On the other
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hand, at a pH of 4.8, the Au SPRP is only observed at the highest concentration of 30 ppm;
however, the intensity of this SPRP is comparable to that seen for the highest SRPR at pH 7.8,
thus indicating that approximately the same amout of Au NPs are formed. This implies that,
when the conditions are correct for NP formation, then a large amount of NPs can be formed and
that this condition may only exist in a narrow concentration range for this a single Au
concentration constraint. In regards to Ag, it was found that at pH 7.6, NPs were formed at all
but the highest hLAHA concentration, with a very weak and broad SPRP being visible at the
lowest concentration of 2.5 ppm. At a pH of 4.8, Ag NP formation is only observed at the lowest
hLAHA concentration. The lack of NP formation at the higher concentration can be explained

once again by HA aggregation.
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Figure 5.3 UV/Vis spectra of Au NPs formed with the Hydrolysed SWHA (hSWHA), FPHA,
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Lipid-extracted SWHA (IeSWHA)

Lipid-extracted SWHA at pH 7.6 Figure 5.5 formed Au NPs with a narrow size
distribution at a leSWHA concentration of 30 ppm HA. The SPRPs were broad at all the other
concentrations of leSWHA, indicating that the NPs were mostly aggregated. At pH 4.8, the
SPRP were broader than at pH 7.6, but otherwise similar observations to those at pH 7.6 were
made in that the NPs appeared to have formed at 30 ppm and the SPRPs were broader at lower
concentrations. Formation of Ag NPs with leSWHA showed a characteristic plasmon absorbance
only at a leSSWHA concentration of 2.5 ppm HA when the pH was 7.6. There was no SPRP
observed for any of the concentrations at pH 4.8.

Lipid-extracted FPHA (leFPHA)

The formation of Au NPs with leFPHA samples depended on the HA’s concentration: the
intensity of the SPRP increased with increasing concentration for all studied concentrations. In
addition, the plasmon peak appeared to shift to shorter wavelengths with increasing
concentration of leFPHA indicating that NPs of smaller sizes were formed as the concentration
of this lipid-extracted humic acid increased. At pH 4.8; however, Au NPs were only formed at
higher leFPHA concentrations: 10 ppm and above. At 30 ppm there was a decrease in the
intensity of the SPRP, indicating that fewer Au NPs were formed due to leFPHA aggregating at
higher concentrations, such as at 30 ppm. This aggregation has been discussed thoroughly in
Chapter 2. Lipid-extracted FPHA samples formed Ag NPs at all leFPHA concentrations studied,
except at 30 ppm at pH 7.6; Ag NPs were only formed at a leFPHA concentration of 2.5 ppm at a

pH of 4.8.
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Lipid-extracted LAHA (leLAHA)

Lipid-extracted LAHA formed Au NPs at all the leLAHA concentrations investigated at
pH 7.6. The SPRP appeared to shift to shorter wavelengths with increasing concentrations of
leLAHA, namely at 10, 20 and 30 ppm. Au NPs with narrow size distributions were formed at a
leLAHA concentration of 5 ppm, as indicated by the comparatively narrow SPRP at this
concentration. At the acidic pH of 4.8, the only observed SPRP was at 2.5 ppm, and this peak
was weak and very broad, indicating that the Au NPs that form at very low concentration of
leLAHA are polydisperse and may be mostly aggregated. At pH 7.6, Ag NPs were formed using
leLAHA at concentrations of ranging from 2.5 to 15 ppm. At the higher concentrations of
leLAHA (20 and 30 ppm) the characteristic SPRP of Ag NPs was not observed, implying that
the NPs were not formed at this concentration. At pH 4.8, the characteristic SPRP of Ag NPs was

only observed at a leLAHA concentration of 2.5 ppm.
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Figure 5.5 UV/Vis spectra of Au NPs formed with the lipid extracted SWHA (IeSWHA), FPHA,
(leFPHA) and LAHA (leLAHA) HAs at pH 4.8 a) ¢) e) and pH 7.6 b) d) f). (Note that the scale
on the y-axis is not consistent, this is to allow for clear observation of the SPRP)

148



0.40

0.30 -

Extinction (a.u)
=
iv
=}

0.10 |

2.5 ppm 0.30 1
— g
= | |3
— 15
z‘g l‘:‘;: go.zo 1
— m =
PP g

0.40

e

[

=]
)

0.00 7 T ; J 0.00 ; ; 7 v \
350 400 450 500 550 600 350 400 450 500 530 600
Wavelength (nm) Wavelength (nm)
0.70 d)
1.00 -
0.60
25
0.80 el
0.50 . —Sppm
= = ~10 ppm
‘Z’O.-IG % 0.60 - =15 ppm
-§ S — 20 ppm
€ w30 ppin
5030 S 0.40 -
g E 0.40
<] -
0.20 =
0.20 -
0.10 il —
0.00 T T T T )
0.00 - - - ; ‘ ! 350 400 450 500 550 600
350 400 450 500 550 600 R——
Wavelength (nun) aydaengih:m)
1.20
1.00
= 0.80 =
s =
S 0.60 g
€ g
g |
4 =
7 0.40 L
0.20
0'00 ! 1 A { ! 0.00 T T T T 1
350 400 450 500 S50 600 350 400 450 500 550 600
Wavelength (nm) Wavelength (nm)

Figure 5.6 UV/Vis spectra of Ag NPs formed with the lipid extracted SWHA (IeSWHA), FPHA,
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5.3.2 The Role of Different Chemical Moieties within HAs in the Formation of Au and Ag
NPs.

The discussion in this section will compare overall summarization of the data presented
in this chapter to the complementary results for the unedited HAs presented in Chapter 4. This
grosso modo analysis of the data focuses on the role of aliphatic, aromatic, and carbohydrate
moieties within the three studied HAs in the formation of Au and Ag NP.

The bleaching treatment of the HAs resulted in the removal of a significant fraction of
the aromatic moieties and an enhancement of the O-alkyl functional groups, as was shown in
chapter 3. It has also been reported in the literature that oxidative degradation of HAs via
bleaching eliminates a significant amount of non-condensed aromatic moieties from lignins or
tannins within HAs [21, 22]. Aromatic moieties within terrestrial HAs have been implicated in
the formation of NPs [10] however, this notion was based purely on general knowledge of HA
composition in regards to origin. The results discussed above indicate that the removal of the
aromatic moieties by bleaching mainly influenced the formation of NPs for both FPHA and
LAHA, while SWHA was less affected. These findings imply that the aromatic moieties present
within HAs of terrestrial origin (FPHA and LAHA) play a significant role in the reduction of
both Au** (aq) and Ag*(aq) to their respective NPs. This finding is consistent with terrestrial HAs
originating mainly from parent plants materials rich in lignins and tannins, which are the main
source of the aromatic moieties in these HAs and have such functionalities as quinones, phenols,
methoxy and carboxylic acid groups [3]. These functional groups are electron-rich and seem to
be the ones (likely the quinone-like two (QL2) groups discussed in Chapter 4) involved in the
reduction of Au®** (aq) and Ag"* (aq) to their respective NPs. SWHA is of aquatic origin and
consists of more microbially derived materials; it is rich in aliphatic as well as carbohydrate

moieties, and (thus, is lower in aromatic components in comparison with terrestrial HASs. Instead,
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it contains reduced organic sulfides [11]. With this in mind, and based on the above findings, it
can be concluded that non-quinone like (NQL) groups, such as thiols are mainly involved in the
reduction of both Au**(aq) and Ag*(aq) to NPs.

Along the same thread of thought that implicated aromatic moieties in the formation of
NPs by terrestrial HA, it has been implied that aliphatic and carbohydrate moieties within aquatic
HAs are involved in the formation of NPs; however, once again, this was based purely on
general knowledge of HA composition in regards to origin. The hydrolysis and lipid extraction
results above address this more directly.

Acid hydrolysis has been reported to eliminate a significant fraction of carbohydrate and
amino acid moieties [23] and can result in the loss of functionalities, such as aldehydes, and
ketones within HAs [3]. From the results above in this Chapter it can be seen that hydrolysis
greatly decreases the potential for SWHA to reduce Au®* (ag) and Ag® (aqg) to their respective
NPs. This strongly implies that the Au and Ag NP forming sites within SWHA are associated
with the carbohydrate moieties, as the removal of these moieties would also lead to the removal
of electron rich aldehyde and alcohol groups which could play major roles in the reduction of
Au*'(aq) and Ag*(ag) to their respective NPs by SWHA. The removal of the carbohydrate
moieties from both FPHA and LAHA also appears to affect the formation of NPs, but to a lesser
extent. These findings also provide further evidence that the aromatic moieties within terrestrial
HAs are major participants in Au and Ag NP formation, compared to the carbohydrate moieties.

Lipid extraction mainly eliminated the aliphatics comprising of long chain fatty acids,
long chain aliphatic alcohols, long chain alkanes and esters, [5-8] and, in the context used here,
allows one to investigate the role of aliphatic moieties. The removal of lipids in SWHA greatly

reduced its potential to form both Au and Ag NPs. In fact, our results show that aliphatic
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moieties in SWHA appear to play a role comparable to that of carbohydrate moieties suggesting
that higher aliphatic alcohols in the aquatic HAs could be greatly involved in the reduction of
Au**(aq) and Ag*(aq) to their respective NPs. In regards to the terrestrial HAs, the removal of
the aliphatic moieties influences the formation of both Au and Ag NPs in terms of the amount as
well as size. These effects are much smaller than those observed for the SWHA, thus providing
more evidence for the importance of aromatic moieties in the formation of Au and Ag NPs by
terrestrial HAs.
5.4 Conclusions

Certain conclusions can be drawn from the data presented in this work although there is
no conclusive evidence. This is due to the complex, heterogeneous and polydisperse nature of
WAMASs humic substances form, conclusive statements, or answers, are currently not possible.
The best way of looking at how to approach the presented results obtained for the HAs used in
this work is by attempting to establish causes and their effects, and provide as much of
corroborating evidence as possible. Accordingly, in all probability, aliphatic, aromatic, and
carbohydrate moieties within HAs are involved in Au and Ag NPs formation. The weighting of
the influences of these different moieties on the formation of Au and Ag NPs is different
depending on the origin of the HA. The reason for the importance of these different moieties is
due to the complex processes accompanying the formation of NPs by HAs, including binding
and reduction of the metal cations by the HAs where, as illustrated by the metal and HA
concentration data presented in this as well as the previous chapter, the secondary and tertiary

structure of the HAs also play an equally important role.
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5.5 Environmental Implications

In a natural environmental setting, removal of aromatic moieties within HAs occurs
naturally in shallow waters as a result of photochemical bleaching of aromatic moieties by daily
intense illumination by sun [24]. This fact reduces the role of HAs within surface aquatic
systems with terrestrial inputs, due to run-off, especially the longer the terrestrial sourced HAs
are in the surface waters. This is countered by the fact that photobleaching is believed to make
HAs more bioavailable, and hence, increase the amount of microbially derived HAs within
surface waters. The results above imply that the resulting microbial HA has the ability to reduce
Au’” (aq) and Ag' (aq) cation to form NPs. On aggregate, there appears to be a number of
moieties within HAs, depending on the origins of the HA, that can reduce Au®" (aq) and Ag” (aq)
to form NPs, and that as terrestrial HA is photobleached, the removal of NP forming aromatic
moieties is counter balanced by the addition of aliphatic and carbohydrate forming NPs moieties
due to the microbially produced HA.
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Chapter 6. Investigation into the Interaction of Biomembranes with Gold and Silver
Nanoparticles Synthesized and Stabilized by Chemically Diverse Humic Acids

6.1 Introduction

Metal nanoparticles (NPs) have been and continue to be intensely studied due to their
diverse probable and actual applications: in biolabeling [1, 2] and diagnostics, electronics and
optics, [3, 4] catalysis, [5, 6] environmental remediation, pharmaceuticals and consumer products
[7-9]. In particular, silver NPs have been incorporated into a variety of personal care products,
while gold nanoparticles are being strongly considered for a range of biomedical applications.
Owing to the numerous applications of metal NPs, there is a rapid growth in their production and
use in the industrial and research sectors. It was estimated that 2,000 tons of NPs were produced
and used in 2004. This production is projected to increase to 58,000 tons in 2011-2020[10]. Tons
of NPs have already been released into the environment and these amounts are expected to
dramatically increase in the near future.

Metal NPs may end up in the environment directly or indirectly via a number of potential
release routes, such as product handling and transportation, the improper disposal of
nanoproducts, the use of nanoparticles as fuel additives, as components of consumer products
[11] and groundwater treatment agents, [12] through the excretion of non-metabolized
nanomedicines as well as through industrial emissions, leaks or spills [13]. Thus, there is a strong
probability that these metal NPs will be present in significant amounts in both aquatic and
terrestrial environments in the future. At present, the information regarding the magnitude of
probable release, distribution and transformation nanoparticles in the environment is inadequate
[10].

HAs form in the environment as a result of microbial decomposition of plant matter.

They are present everywhere in the environment and are made up of complex heterogeneous and
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polydisperse mixtures of decayed plant materials. They have a complex structure that comprises
both hydrophobic and hydrophilic moieties. Functional groups within HAs, such as the thiols,
[14] quinones, methoxy, hydroxyls, aldehydes, ketones, enols, [15], and phenols endow this
macromolecule with the potential to interact with, and reduce, metal ions to metal NPs. Since
HAs are prevalent throughout the environment, they may play a key role in the formation and the
fate and transport of HAs-metal NPs system in the environment.

The presence of colloidal silver in the environment was for the first time reported in the
mid-1990s [16]. Studies have also shown that silver nanoparticles can be synthesized with HAs
as both the reducing and the capping agent at environmentally relevant conditions such as pH,
temperature and concentrations [17]. Capping is typically referred to as a process of binding
ligands to the NPs formed to stop their growth and their aggregation. The first attempt to
synthesize colloidal gold using humic substances was done by Machesky and coworkers, while
investigating the possible mechanism of interaction of HAs with gold in the environment [18,
19]. In addition, gold nanoparticles of different sizes and shapes have been previously prepared
using varying concentrations of fulvic acid at pH 5, 8 and 11 and at high temperatures[17, 19].

Apart from reducing metal ions to metal nanoparticle studies have shown that HAs
interact with NPs synthesized and stabilized by other reducing and stabilizing agents [20]. These
studies have demonstrated that lower concentrations of HAs increase the stability of the NPs by
coating the surface of the NPs, whereas higher concentrations of HAs cause the aggregation of
NPs [20] Pallem and coworkers have further shown that HAs further increase the stability of
citrate-capped NPs by either replacing the citrate capping or overcoating the citrate capping.
They also showed that HAs substitute’s coatings composed of B-D-glucose molecules [21].

Other studies looked at natural organic matter (NOM), of which HAs comprise at least 60%.
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Investigations into the adsorption of NOM to NP surfaces indicated that NOM plays an
important role in stabilizing NPs in the environment [22]. Given that metal ions can be released
from metal NPs, and that metal ions can be transformed back to metal NPs in the environment
[17] metal ions from either the NPs or metal salt forms can be transformed into metal NPs in the
environment, which then may lead to the formation of HAs-metal NPs systems in the
environment. These studies further stress the likelihood of the presence of substantial amounts of
HAs-metal NPs systems in the environment in the near future.

As metals are known to interact with HAs and with biomembranes, [23-29] we postulate
that the HAs-metal NPs system could also have the potential to interact with biomembranes.
Several studies have already shown that several NPs are toxic to organisms [30-32]. In a study
that investigated the toxicity of CuO NPs to algae in the presence of dissolved organic matter
(DOM), Suwannee River fulvic acid showed that toxicity of CuO NPs was enhanced in the
presence of DOM [30]. Toxicity of CuO NPs to organisms has been studied on a range of
organisms, from algae, bacteria, and protozoa, to crustaceans, further emphasizing the relevance
of these kinds of studies [30, 32]. The study of the interaction of HAs-metal nanoparticles
systems with biomembranes has not yet been explored. Taking into consideration that the
production, commercialization and use of NPs is growing at an alarming rate, there is a crucial
need to fully understand how these naturally-formed NPs interact with the biomembranes in the
environment especially at a molecular level. This study therefore examines the association of
natural HA capped NPs of Ag, and Au with model biomembranes utilizing fluorescence leakage

and cryo-TEM.
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6.2 Experimental Section

Materials. POPC was purchased from Avanti Polar Lipids (Alabaster, AL); Florida Peat Humic
Acid (FPHA), Leonardite Humic Acid (LAHA), and Suwanee River Humic Acid (SWHA) were
purchased from the International Humic Substances Society (IHSS, St. Paul, MN). Methanol and
chloroform and were purchased from Fisher Scientific Company (Somerville, NJ). Nitrogen gas
was supplied by the Chemistry department (upon being sourced from Capital Welders Supply
Co.). Gold (I1I) chloride trihydrate (HAuCl;3H,0), silver nitrate (AgNOs3), and Triton X-100
(TX-100) were obtained from Sigma Aldrich (Milwaukee, WI), Sulforhodamine-B was obtained
from molecular probes while Sephadex G-50 GE was obtained from Healthcare Biosciences
(Piscataway, NJ). High quality (18MQ) deionized water was made in our laboratory using an
apparatus manufactured by US Filter.

Sample Preparation of HAs

HAs stock solutions: These solutions were prepared by dissolving 8.6 mg of FPHA in 50 mL of
0.01 M phosphate solution at pH 4.8 or 7.6, then adjusted to a basic pH using NaOH in order to
dissolve all HAs, then adjusted back to pH 4.8 or 7.6 with HCI and diluted to 100.0 mL with the
phosphate buffer solution at pH 4.8 or 7.6.

LUVs: POPC vesicles of approximately 100 nm in diameter were prepared using extrusion
method refer back to chapter 2

Humic acid capped NPs: NPs of Au and Ag were synthesized using chemically diverse HAs as
the reducing and the capping agent refer back to Chapter 4. These NPs were used without
purification to imitate an environmental setting.

Solutions for Fluorescence Leakage Experiments: dye encapsulated LUVs were exposed to

chemically diverse HAs, metal salts and HA-coated NPs and used to investigate the perturbation
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effect of HAs on the model biomembranes. Leakage measurements were done by measuring 5.00
mL of SRB-loaded LUVS and adding 5.00 mL of 0.01 M phosphate buffer solution for the blank
and 5.00 mL of metal salt in phosphate buffer for the first control and 5.00 mL of HA for the
second control. The test sample contained 5.00 mL of HA-NPs plus 5.00 mL of SRB-loaded
LUVS refer back to Chapter 2

TEM Sample Preparation and Analysis: A vitrification robot was used to ensure that the
relative humidity was kept close to saturation. A 3 pL drop of the lipid suspension was used for
all the samples imaged refer back to Chapter 2.

6.3 Results and Discussion

6.3.1 Steady-State Fluorescence Study of the Interaction of HAs-Metal NPs with
Biomembranes

The steady-state fluorescence emission spectra are presented in Figure 6.1 below. As can
be seen from these spectra, four different controls were used in addition to the Ag and Au HAs
capped nanoparticles. The spectra labelled “control”are the data for the large unilaminar vesicles
(LUVs) at the appropriate pH value, and illustrate that there was background fluorescence signal
coming from fluorescence dye that was not seperated from the LUVSs in the size exclusion step
and, as in Chapters 2 and 3. The next two sets of controls are the metal ions samples, labeled Ag
and Au. In these samples the conditions are as for the LUV control (labeled “control”) sample
with the addition of AgNO3; or HAUCI, at the concentration used to make the HA-capped NPs.
These controls were included to determine whether either of these to ions would induce leakage
at pH 4.8 or 7.6 and, as can be seen from the data in Figure 6.1, either of these ions induced only
a very minimal leakage, and hence, neither of these ions induced biomembrane perturbation on
the level seen for the HAs and chemically edited HAs studied in Chapters 2 and 3, especially at

pH 4.8. The final controls were the three HAs that both the Ag and Au NPs were capped with
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and, as expected, the trends in the leakage induced by these HAs mirror those seen in Chapter 2;
the reader is referred to Chapter 2 for a full discussion of the HA-induced biomembrane
perturbations. HA and metal ions controls were not included for two reasons. First, as the data in
Chapter 4 show, the mixing of the three HAs used in this study and AgNO3; or HAuCl, ions
yields NPs, hence there is a likelihood that there would be HA-capped NPs present or being
formed, and hence, yielding a complex and potentially difficult situation. The second reason is
that, as shown Chapter 4, the environmentally relevant condition is HA capped Ag and Au NPs.
The non-HA-capped NPs were not included as controls for two major reasons. Firstly, Ag and
Au NPs need to be capped in order to not aggregate and remain in solution; the chemical nature
of the capping agent will determine the potential of the capped NPs to perturb biomembranes.
Secondly, it has been shown in the literature that natural organic matter will coat capped NPs
such as citrate capped NPs or substitute the capping agent made up of citrate or 3-D-glucose
molecules [21]. This means that biomembrane perturbing potential of these NOM-coated capped
NPs will depend on the NOM that coats the capped NPs. Thus, for the environmental conditions
we are studying, it will be the NOM that determine biomembrane perturbation potential rather
than the NP capping agent.

In Chapter 2, HAs can induce biomembrane perturbation under environmental conditions,
while in Chapter 4 it was shown that under environmental conditions HA-capped Au and Ag
NPs can be formed. These two findings lead to the following question “can HA-capped NPs
formed under environmentally relevant conditions perturb biomembranes?”. While the data
presented in Figure 6.1 show that the answer to this question is “yes, they can”, they also point to

the fact that the situation is more complicated than a simple “yes” or “no”.
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The data in Figure 6.1 clearly indicate that the perturbation potential of HA-coated NPs
depends on both the metal and the HA used to form the HA-coated NPs. SWHA-capped Ag NPs
cause more leakage than SWHA-capped Au NPs at both pH 4.8 and 7.6, while for both FPHA
and LAHA-capped NPs it is the Au-capped NPs that induce the largest amount of leakage at both
pH 4.8 and 7.6. From a HA origin point of view, it is interesting to note that the terrestrial HAs
gave the same trend in terms of the biomembrane perturbation and NP’s metal, while the aquatic
sourced HA had an oposite preference to the perturbation causing nanoparticle’s metal.

As it is the capping agent that is on the exterior of the NP surface, it will be the capping
agent that interacts with the biomembrane surface. This means that for the HA-capped NPs it
will be the chemical nature of the HA on the NP surface that will induce biomembrane
perturbation by HA-capped nanopaticles. However, once again the real situation is more
complex as the HA NPs used in this study could not be separated from the HA solution used to
make the NPs. This means that one must campare the observed leakage of the appropriate HA
with that of the HA-capped NPs. For SWHA it can be seen that at pH 4.8 there is no difference
in observed perturbation between the HA-capped Ag NPs versus and “simple” SWHA. In fact,
the signals for these two cases directly overlap each other. On the other hand, for the same pH it
can be seen that the formation of the HA-capped Au NPs reduce the potential for the SWHA that
remained in solution to induce leakage, and hence, its potential for biomembrane perturbation.
This is because most of HAs is consumed in the reduction and the capping of the NPs formed
thus not much is available to interact with and perturb the biomembranes. At pH 7.6 the same
result is seen for the formation of Au HA-capped NPs; however, for the formation of HA-capped
Ag NPs the HA that remains in solution has a higher potential to peturb biomembranes. If one

now shifts their attention to FPHA, it can be seen that, at pH 4.8, HA-capped Au NPs induce
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more leakage than FPHA; however, the FPHA-capped Ag NPs induce less leakage. For pH 7.6
the same trend is seen for the FPHA-capped Au NPs, but the FPHA-capped Ag NPs also induce
more leakage than FPHA alone. For NPs formed in the presence of LAHA, different results are
yet seen. At pH 4.8, both LAHA-capped Au and Ag NPs induce less leakage than LAHA alone,
while at pH 7.6 LAHA-capped Au NPs induce an almost identical level of leakage as LAHA but
the LAHA-capped Ag NPs induced less leakage.

These results demonstrate that, after the formation of nanoparticles, the distribution of the
residual HAs induces leakage, and hence, biomembrane perturbation. Based on the mechanism
put forward in Chapter 2, it would seem that the formation of the Au and Ag NPs can either 1)
change the potential of the HA present to form the needed hydrogen bridge or 2) change the
potential of HA to absorb into the biomembrane through hydrophobic interactions. The trends in
the pH data do not help in determining which one of these effects is taking place; however, given
the bulk trend that more leakage is observed for HA-capped NPs at pH 4.8 compared to 7.6
(except for FPHA-capped Ag NPs), it can be postulated that it is the the formation of
nanoparticles in the prescence of HA that results in 1) the remaining HA to have a higher
potential to form a hydrogen bridge or 2) the HA that caps the nanoparticles has a higher
potential for hydrogen bond formation. It is expected that functional groups capable of forming
hydrogen bridges are also the ones involved in the initial binding of Ag and Au and the HA
groups in question have a high potential to bind cations. Therefore it could be envisioned that the
HA capping the nanoparticle surface would be more polar than the bulk HA, enhancing the
probability of forming a hydrogen bond between the capping HA and the biomembrane;
however, the leakage data also suggest that the capping HA has also enough hydrophobic nature

to allow for the absorption step as well.
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It would be ideal if one could separate the HA-capped NPs from the dissolved HA,
however, this was not possible due to the small size and polydisperisty of the formed
nanoparticles resulting in standard separation methods being inapplicable. In addition, any
chemical separation may lead to chemical alteration of both the dissolved HA and the capping
HA. Nevertheless, what can be concluded from the fluorescence data is that in an environment in
which HAs produce nanoparticles, this NP forming process induces an alteration of the HA’s
potential to perturb biomembranes. As HAs have been found to be very good surrogates of
natural organic matter, the above stated findings for HA in all probability applies to natural
organic matter as a whole. In order to determine whether it is the HA-capped NPs that are
associated with, and hence, in all likelihood perturbing the biomembranes, Cryo-TEM studies
were carried out.

6.3.2 Cryo-TEM Study of the Interaction of HAs-Metal NPs System with Biomembranes

The discussion of the fluorescence data above shows the weakness of a bulk
measurement when dealing with a mixture in which there is more than one possibility for the
observed signal. Under such circumstances, an imaging approach may allow for a more specific
view, and hence, conclusion. For the case here one must consider that we are trying to image
very small objects (the nanoparticles) as well as a mixture of hard (nanoparticles) and soft
(LUVs) materials, and thus, an appropriate imaging technique must be used. Cryo-TEM is such
an imaging tool, with which to obtain pictorial evidence of membrane perturbation via its
interaction with HA-coated Ag and Au NPs. In reality, this means that we are trying to capture a
snapshot images of NPs interacting with the POPC LUVs and perturbed LUVs with the

nanoparticles still interacting with the bilayer of the LUVs.
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The results for the HA-metal NP systems exposed to model biomembranes are shown in
the cryo-TEM images. The HA-metal NPs appear to be interacting less with the model
biomembranes at pH 7.6 than at pH 4.8. This is illustrated by the presence of intact vesicles even
in the presence of the NPs at this pH. However, at pH 4.8 most of the NPs appear to interact with
the vesicles, as most of them are noticeably ruptured. In addition, some NPs can be seen in
contact with the vesicles. The TEM images results complement the steady state fluoresence
results, which showed more leakage, as indicated by the increase in the fluoresence intensity at
pH 4.8. The Cryo-TEM images further illustrate that the pertabation of the vesicles in the
presence of NPs is mainly attributed to the interactions of the HAs coatings on the NPs with the

biomembranes, as the NPs appear to be in contact with the vesicles and not right inside the

vesicles.
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Figure 6.1 Fluorescence emission spectra of SRB dye leakage as induced by SWHA and NPs
formed from SWHA a) is the leakage at pH 4.8 and b) is the leakage at pH 7.6.
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Figure 6.2 Cryo-TEM image of Au NP formed with SWHA at pH 7.6.

Some of the vesicles appear to be associating with the NPs, as shown by the arrows. A general
dispruption is indicated by the smaller sizes of the vesicles and the irregularly shaped vesicles,

which could be a result of interactions with HAs.

Figure 6.3 Cryo-TEM image of Au NP formed with SWHA at pH 4.8.
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At pH 4.8 most of the vesicles above are raptured, as indicated by the arrows in the image above.

Some vesicles also appear to be iteracting with the NPs.

Figure 6.4 Cryo-TEM image of Ag NP formed with SWHA at pH 7.6

Most of the vesicles appear intact with a few exceptions that are of much smaller sizes, as shown

by the arrow indicating that they may have been pertubed.

Figure 6.5 Cryo-TEM image of Ag NP formed with SWHA HA at pH 4.8
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Some vesicles appear to be interacting with the NPs, as shown by the arrows, while other

vesicles appear raptured, as illustrated by the smaller sizes of vesicles depicted in the image

above.
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Figure 6.6 Fluorescence emission spectra of SRB dye leakage as induced by FPHA and NPs
formed from FPHA, a) is the leakage at pH 4.8 and b) is the leakage at pH 7.6.

Figure 6.7 Cryo-TEM image of Au NPs formed with FPHA HA at pH 7.6

Most of the vesicles are intact, with a few exceptions of the pertubed ones, and the vesicles of

smaller sizes, as shown by the arrows, indicating that they may have been pertubed. There is also
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an indication of NPs interacting with the vesicle, as shown by the arrows in the cryo-TEM

images.

Figure 6.8 Cryo-TEM image of Au NPs formed with FPHA HA at pH 4.8

HAs appears to be forming hydrogen bridge between vesicles and gets absorbed by the
vesicles, as depicted by the fusing of the vesicles. This, in turn, results in pertubation of the

vesicles and dye leakage.

Figure 6.9 Cryo-TEM image of Ag NPs formed with FPHA HA at pH 7.6
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There could be some form of slight interaction between the vesicles and HAs, as illustrated by

the association of the vesicles with each other, as shown by the arrows.

Figure 6.10 Cryo-TEM image of Ag NPs formed with FPHA at pH 4.8

HAs appears to be interacting with the vesicles, as depicted by the arrows and the
aggregation of the vesicles, which could be attributed to the formation of hydrogen bridge
between HAs and the vesicles, which in turn, results to pertubation of the vesicles and dye
leakage. There also appears to be interactions between the NPs and the vesicles, as can be seen

by the arrows.
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Figure 6.11 Fluorescence emission spectra of SRB dye leakage as induced by LAHA and NPs
formed from LAHA a) is the leakage at pH 4.8 and b) is the leakage at pH 7.6.

Figure 6.12 Cryo-TEM image of Au NPs formed with LAHA HA at pH 7.6

There appears to be slight interaction between the vesicles and HAs as illustrated by the
association of the vesicles with each other as shown by the arrow. There also appears to be some

sort of association of vesicles with NPs as illustrated by the arrows.
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Figure 6.13 Cryo-TEM image of Au NPs formed with LAHA HA at pH 4.8

Some vesicles appear to be interacting with the vesicles, while some smaller sizes as shown by

the arrow indicating that they may have been pertubed.

Figure 6.14 Cryo-TEM image of Ag NPs formed with LAHA at pH 7.6

Some vesicles appear to be interacting with the NPs as shown by the arrow while other vesicles

appear raptured as illustrated by the smaller sizes of vesicles depicted in the image above.
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Figure 6.15 Cryo-TEM image of Ag NPs formed with LAHA HA at pH 4.8

Most of the vesicles above appear raptured as can be seen in the image above by the arrows.
Some vesicles also appear to be interacting with the NPs. The aggregation of the vesicles could
be an indication of the formation of hydrogen bridges between vesicles and HAs which inturn
disrupts the vesicles resulting to dye leakage.

From the TEM images presented for the SWHA-capped NPs (Figure 6.2-6.5) it can be
seen that, at pH 7.6, the majority of the imaged vesicles are spherical in shape, close to 100 nm
in diameter, and unfused; however, there are some small and malformed vesicles visible for the
Ag NPs. On the other hand, the pH 4.8 images show a number of malformed vesicles of various
sizes, especially for the Ag NPs. As a whole, for the SWHA-capped NPs, the TEM results are in
agreement with the fluorescence results, but there seems to be some discrepancy for the SWHA-
capped Au NPs at pH 4.8. For the FPHA-capped Ag NPs, the TEM images at pH 7.6 in Figure
6.9, show the same behavior as did the SWHA-capped NPs in Figure 6.5, namely that the
vesicles appear to be spherical in shape, close to 100 nm in diameter, and unfused. The images
for the FPHA-capped Au NPs at pH 7.6 were different than their Ag counterparts in that they
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formed a number of smaller vesicles, some of which were deformed. These pH 7.6 results are
consistent with the fluorescence results in which the FPHA-capped Au NPs induced perturbation
at this pH. The pH 4.8 images also show that, while the FPHA capped Ag NPs caused very little
disruption of the imaged vesicles, their Au counterparts induced perturbation, as evidenced by
malshaped vesicles as well as small vesicles and, in some cases, fused vesicles. Once again,
these findings are consistent with the fluorescence results discussed above. For the LAHA-
capped NPs at both pH conditions, both smaller and malshaped vesicles are visible, more so at
the pH 4.8 than 7.6, as seen in Figure 6.2-6.15. Again, these findings are consistent with the
fluorescence results.

If one combines the TEM and fluorescence results, it can be seen that the increased
fluorescence, which means increased leakage of fluorescent dyes, and hence, increased
biomembrane perturbation, is associated with smaller and distorted vesicle shape. Small and
distorted vesicles were not present in the initial vesicle mixture before exposure to HA-capped
NPs, as evidenced by the light scattering data and TEM images presented in Chapter 2 (Figures
2.1, and 2.2); however, smaller and distorted vesicles are observed in the presence of HA-capped
NPs, as is an increase in the observed leakage. This leads to the empirical finding that the
observed leakage can be correlated with smaller and distored vesicles. The HA biomembrane
perturbation put forward in Chapter 2 can be further refined with these data it was in Chapter 3.
The observed vesicle distortion is consistent with the HA on the surface of a nanoparticle
absorbing into the bilayer of the vesicles, as discussed in Chapter 2 and 3, and perturbing the
membrane’s structural integrity, leading to a weakening of the vesicle, and hence, the observed
distorted shape. This perturbation may lead to formation of pores large enough to allow for the

dye leakage and give rise to some of the fluorescence seen in the fluorescence leakage
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experiments. The observation of smaller vesicles can be explained by building on the above
explanation; however, rather than just perturbing the membrane’s structural integrity, there is a
complete breakdown of the bilayer structure to the extent vesicle rupture, instead of just pore
formation. Once the vesicle has been reptured, some of the fragments reform smaller vesicles. In
this scenario it would be expected that all the fluorescent dye is released. This means that two
different membrane perturbation processes may be at work, which is consistent with the fast and
slow leakage stages described in Chapter 2. While the exact attribution of the observed fast and
slow leakage stages to catastrophic vesicle failure and pore formation is not possible at this time,
the kinetic analysis presented in Chapter 2 may provide some guidance. Nevertheless, the slow
stage fluorescence leakage discussed in Chapter 2 would be consistent with the formation of
pores, as this stage could be fitted to first order kinetics, which implies a single step process. On
the other hand, catastrophic vesicle failure would require at least two steps, namely a bilayer
breach, followed by vesicle rapture. This minimum of two steps means that this process could
not be fitted by a single component, as required by the kinetic fitting attempted in Chapter 2. In
addition, it is expected that a full vesicle rapture would lead to a full and rapid release of the
fluorescent dye contained within the vesicle compared to a rather limited amount of dye released
during the formation of pores. Both of these conclusions are consistent with the time course data
and their kinetic analysis presented in Chapter 2. This implies that it is the HA on the NPs that
allow the NPs to perturb the vesicles’ bilayer and that the mechanism for perturbation of the
biomembanes is rather complex with numerous steps (e.g., an adsorption step through a
hydrogen bridge formation, a rapid absorption step, and a slow absorption step) as well trajectory

pathways (visicle distortion, vesicle rupture, and vesicle reformation).
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The cryo-TEM images also reveal two other interesting findings; there appears to be
evidence of direct interactions of the NPs with vesicles and there appears to be vesicle fusion.
The direct interaction of HA-capped NPs with the vesicles manifests itself in two different ways.
The first is surface sorption; example of this are SWHA-capped Ag NPs at pH 4.8 and LAHA-
capped Au NPs at pH 7.6 (Figure 6.3 and Figure 6.12). The second is internalization of the NPs
into the vesicle, as seen for the SWHA and FPHA-capped NPs at pH 4.8 Figure 6.3 and 6.8.
Also, some of the images, e.g., for the FPHA-capped Au NPs at pH 4.8, may show the crossing
of the NPs through the bilayer. While the above observations are not conclusive due to the nature
(e.g. lack depth information) of the cryo-TEM images obtained, they are very thought provoking
and may allow for new insights into how nanoparticles, naturally coated with organic matter in
the environment, may interact with biomembranes. The observation that there may be vesicle
fusion is intriguing, as it is seen at both pH 7.4 and 4.8 (see SWHA-capped Au NPs at pH 7.6,
FPHA-capped Au NPs at pH 4.8, FPHA-capped Ag NPs at pH 7.6, and LAHA-capped Au NPs
at pH 4.8). The large variation in terms of HA, NP type, and pH means that, although the TEM
images provide stong evidence for vesicle fusion, the exact meachanism of this fusion is not
clear, and hence, generates a direction for a future study. With that said, in addition to causing an
increase in membrane permeability, HA (the cryo-TEM images show NPs do not need to play a
role) at acidic pH conditions may also induce vesicle, and hence, cell fusion; at the moment,
however, this proposal is very speculative and stretches the available data well beyond scientific
comfort. Overall, the cryo-TEM imaging provided useful and unique information and the

specific nature of cryo-TEM was a good complement to the bulk fluorescence leakage studies.
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6.4 Conclusions
The current study demonstrates that Au and Ag NPs synthesized and stabilized with

chemically diverse HAs interact with induce a perturbation to the model biomembrane bilayer

structure at naturally relevant concentrations as evidenced by the increase in leakage. These
leakage studies further revealed that the formation of HA-capped NPs alters the potential of HAS
to perturb biomembranes by either changing the potential of the HA present to form the needed
hydrogen bridge or changing the potential of HA to absorb into the biomembrane through
hydrophobic interactions. These interactions were further confirmed by cryo-TEM imaging.

Cryo-TEM images demonstrated that the perturbations of the vesicles were as a result of the

interaction of the residual HAs in solution and the HAs coatings on the NPs with the vesicles.

The leakage and cryo-TEM imaging results further demonstrate that more HAs-metal NPs

interactions were observed at pH 4.8 than at pH 7.6.
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Chapter 7. Conclusions

The goals of this study were: 1) to investigate the kinetics and the mechanism of the
interaction of humic substances with model biomembranes; 2) to investigate the roles of different
moieties within HAs in the interaction of HAs with model biomembranes; 3) to explore the
potential of HAs from different sources to form Au and Ag NPs at environmentally realistic pH
(both acidic and basic) conditions as well as to determine the importance of both the metal ion
and HA concentrations; 4) to investigate the roles of aromatic, aliphatic (alkyl), and carbohydrate
(O-alkyl) moieties within HAs in the formation of metal NPs and the stabilization of the formed

NPs; and 5) to investigate the interaction of these naturally formed NPs with biomembranes.

The kinetics and the mechanisms of interactions of HAs with model biomembranes were
successfully carried out using fluorescence spectroscopy. Fluorescence leakage studies indicated
that HAs interacted with and perturbed model biomembranes at acidic pH values (4.8), thus
making the model biomembranes permeable which is an effect lacking at a neutral pH (7.6).
More leakage occurred due to higher perturbations at temperatures closer to the Tr, of POPC; due
to the acyl chain packing mismatches at the interfacial region that are caused by the coexistence
of both the gel and liquid crystalline phases in the phase boundaries [1-6]. HAs concentrations as

low as 0.3 mg C/L caused leakage; the leakage increased with increasing concentration of HAs.

The interaction of HAs with model biomembranes has been shown to occur in two main
steps: (1) an initial instant adsorption by hydrogen bridging between the phosphate group and the
negatively charged functional groups of HAs followed by (2) a rapid absorption via hydrophobic
interactions along with a slow absorption via hydrophobic interactions following first order

kinetics. These findings agree well with the literature and with the theoretical model postulated
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by Elayan, et al.[7]. All three chemically diverse HAs studied here perturbed the model
biomembranes at acidic pHs.

Investigations into the roles of different moieties within HAs in perturbing the model
biomembranes were investigated. The chemical treatment applied to the HAs investigated in
Chapter 3 generated specific structural modifications on the HAs samples: bleaching eliminated
a significant portion of the aromatic components; hydrolysis reduced most of the carbohydrates;
and lipid extraction removed most of the lipids. The study demonstrated further that the
hydrolyzed HAs interact with the biomembranes more than the unmodified HAs, while the
bleached HAs interact with biomembranes the least. Data presented in this study serves as strong
evidence that aromatic components within the HAs are the major biomembrane disruptors;
however, direct evidence is impossible to due to the complex and heterogeneous nature of HAs
and NOM as a whole.

All the three chemically diverse HAs studied in Chapter 4 reduced metal cations to their
NPs. The metal reduction reactions were faster in the presence of SWHA, compared to FPHA
and LAHA, which required almost similar time. We have shown that the NPs formed at both pH
4.8 and pH 7.6 for both silver (for the first time at an acidic pH and at environmentally relevant
concentrations) and gold and that the NPs formed at pH 4.8 were mostly aggregated, while the
NPs at pH 7.6 were suspended in solution. This study has further demonstrated that the reduction
reactions were faster for gold metal, compared to silver metal, which required 4-5 weeks for
complete synthesis. In addition, this study has demonstrated that reduction of metal cations to
metal NPs is dependent on the metal concentration as well as the source and concentration of
HAs, and that, at extremely low concentrations; such as 1 M, metal cations may not be reduced

to metal NPs in the natural environment.
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The results from Chapter 5 suggest certain premises but do not provide direct proof of the
roles of the aromatic, aliphatic and carbohydrate moieties in the formation of NPs. This is due to
the complex, heterogeneous and polydisperse nature of humic substances. However, in all
probability, the aliphatic, aromatic, and carbohydrate moieties within HAs are involved in Au
and Ag NPs formation for all the HAs studied. The extent of the influences of these different
moieties on the formation of Au and Ag NPs is different depending on the origin of the HA. This
is due to the complex processes accompanying the formation of NPs by HAs, including binding
and reduction of the metal cations by the HAs where, as illustrated by the metal and HA
concentration data presented in this chapter as well as in the previous chapter, the secondary and

tertiary structures of the HAs also play an equally important role.

Chapter 6 illustrated that Au and Ag NPs formed and stabilized with chemically diverse
HAs interact with and induce a perturbation to the model biomembrane bilayer structure at
naturally relevant concentrations as evidenced by the increase in leakage. These leakage studies
further revealed that the formation of HAs-capped NPs alters the potential of HAs to perturb
biomembranes by either changing the potential of the HA present to form the needed hydrogen
bridge or changing the potential of HA to absorb into the biomembrane through hydrophobic
interactions. These interactions were further confirmed by cryo-TEM imaging. Cryo-TEM
images demonstrated that the perturbations of the vesicles resulted from the interaction of the
residual HAs in solution as well as the HAs coatings on the NPs with the vesicles. The leakage
and cryo-TEM imaging results further demonstrated that more HAs-metal NPs interactions were

observed at pH 4.8 than at pH 7.6.
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7.1 Future Directions and Ongoing Studies

These studies were done on a very simple model membrane system, POPC. In the future, these
studies will be extended to a more complex system that would mimic the real biomembranes in
the environment since cell membranes are much more complex than the model biomembranes
used the studies in this dissertation. The complexity of the model membranes will be increased
systematically by first studying mixed membrane systems with different phospholipids, then

adding cholesterol to the phospholipids.

HAs from both aquatic and terrestrial environments were used in this study. Future studies will
investigate the formation of NPs using HAs extracted from Pony Lake which are acidic in nature
and contain no lignins residuals. The potential of NPs formation from HAs extracted from the
discharge of municipal wastewater effluent will also be investigated as this is an important
source of ENPs discharge to surface waters, particularly in urbanized estuaries and effluent-
dominated rivers, since we anticipate that metal ions may be present in these waste plants. The
NPs studied in this thesis were mainly from metal ions. Future studies will investigate the
interactions between organic forms of nanomaterial such as fullerenes and carbon nanotubes with
model biomembranes in the presence of HAs using fluorescence spectroscopy and cryo-TEM.
The NPs formed using chemically edited HAs in this study were only characterized using UV-
Vis spectroscopy. We hope to characterize them with TEM to determine their size and size
distribution. The crystallinity of the NPs formed in both Chapters 4 and 5 will be determined
using TEM. In addition, the chemical composition oxidation state, chemical bonding, and surface
properties of the NPs formed in this study will be further investigated with electron energy-loss

spectroscopy spectrum imaging. This basically involves the bombardment of a sample with a
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monoenergetic beam of electrons which causes the sample to lose energy through various

mechanisms. The energy loss by the sample determines the composition of the sample.
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