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OZET

AGIR METAL iYONLARI TAYIiNiNE YONELIK ALTIN
NANOPARTIKUL TEMELLi KOLORIMETRIK SENSORLER

Giilsu SENER YiLDIRIM
Doktora, Nanoteknoloji ve Nanotip Anabilim Dali
Tez Danismani: Prof. Dr. Adil DENIZLi
ikinci Tez Danigmani: Do¢. Dr. Lokman UZUN
Aralik 2014, 85 sayfa

Suyun toksik metal iyonlariyla kirlenmesi ciddi ¢cevre ve saglik sorunlarina yol
acmaktadir. Bu nedenle sudaki toksik metal iyonlarinin izlenmesi halk sagligi ve su
kalitesi acisindan olduk¢ca onemlidir. Toksik metal iyonlarini tayini icin siklikla
kullanilan yéontemler, indUktif olarak eslestiriimis plazma kitle spektrometresi (ICP-
MS), atomik absorpsiyon spektrometresi (AAS) ve yuksek performans sivi
kromatografisi (HPLC) gibi kromatografik ve spektroskopik tekniklerdir. Bu
yontemler oldukg¢a hassastir ancak karmasik prosedurleri nedeniyle kullanimlari
icin yogun teknik egitim gereklidir. Ayrica bu yontemler pahali ve zaman alicidir.
Bu nedenle metal iyonlari tayini igin ucuz, basit ve tasinabilir yontemlere ihtiyag
vardir.

Bu kapsamda, toksik metal iyonu ile kirlenmis sularin tayini icin altin
nanopartikuller ve amino asitler kullanilarak kolorimetrik temelli basit yontemler
gelistiriimistir. Bu tezde, altin nanopartikiill temelli iki farkli kolorimetrik yontem
hazirlanmigtir. ik yaklagimda sudan Hg?* iyonu tayini icin sitrat kapli altin
nanopartikiller ve lizin aminoasidi kullanilarak basit ama oldukga hassas (tayin

limiti 2.9 nM) bir yontem gosterilmistir. Ayrica bu yontem Hg?* iyonuna karsi



oldukca secicidir ve sadece birka¢ dakika icinde tamamlanabilmektedir. ikinci
yaklasimda sudan c¢oklu toksik metal iyonlari (Hg?*, Cd?*, Fe3*, Pb?*, Al**, Cu?* ve
Cr3*) tayini icin 11-merkaptoundekanoik asit kaplanmis altin nanopartikiller ve bes
amino asit (lizin, sistein, histidin, tirozin ve arjinin) kullanilarak basit kolorimetrik
sensoOr dizisi rapor edilmistir. Amino asitlerin varligi (metal iyonlari ve altin
nanopartikillerle kompleks yapabilen fonksiyonel gruplari olan) partikillerin
agregasyonunu duzenlemekte ve, partikil agregasyonunu arttirabilir ya da
azaltabilir. Her amino asit-altin nanopartikul ciftindeki renk degisimi incelenerek

test edilen butiin metallerin hassas bir sekilde ayirt edilebilmesi mimkin olmustur.

Anahtar Kelimeler: Agir metal iyonu tayini, altin nanopartikiller, kolorimetrik

sensorler, amino asitler, sensor dizileri.
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Contamination of water by toxic metal ions can lead to serious environmental and
health problems. Therefore, monitoring of toxic metal ions in water is very
important in terms of improving public health and water quality. Common methods
for toxic metal ion detection are often based on chromatographic and
spectroscopic techniques such as inductively coupled plasma mass spectrometry
(ICP-MS), atomic absorption spectrometry (AAS), and high performance liquid
chromatography (HPLC). These methods are highly sensitive but they require
intense technical training because of their complicated procedures, and they are
expensive and time-consuming. Therefore, low cost, simple, rapid, and portable
methods for metal ion detection are still highly desired.

In this context, this thesis seeks development of facile colorimetric based methods
for detection of toxic metal ion contaminated water using gold nanoparticles and
amino acids. In this thesis, we report the preparation of two different gold
nanoparticle based colorimetric method for this purpose. In the first approach, we
demonstrate the preparation of a simple yet very sensitive (detection limit is 2.9
nM) colorimetric assay for rapid detection of Hg?* in water using as-prepared

citrate-capped gold nanoparticles and amino acid lysine. In addition, the assay



showed good selectivity against Hg?* and the analysis can be completed within
only a few minutes. In the second approach, we report a facile colorimetric sensor
array for detection of multiple toxic heavy metal ions (Hg?*, Cd?*, Fe3*, Pb2*, Al**,
Cu?*, and Cr®) in water using 11-mercaptoundecanoic acid-capped gold
nanoparticles and five amino acids (lysine, cysteine, histidine, tyrosine, and
arginine). The presence of amino acids (which have functional groups that can
form complexes with metal ions and gold nanoparticles) regulates the aggregation
of the particles; it can either enhance or diminish the particle aggregation.
Therefore, the color change enables naked-eye discrimination of all of the tested

metal ions.

Keywords: Heavy metal ion detection, gold nanoparticles, colorimetric sensors,

amino acids, sensor array.
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1. INTRODUCTION

Contamination of water by toxic metal ions (e.g., mercury, silver, and lead) can
cause serious environmental and health problems because of their acute and/or
chronic toxicity to biological organisms [1,2]. For instance, mercury -most common
and stable form of mercury in water is the solvated divalent mercuric ion (Hg?*)-
which is widely released to the environment by industrial activities (e.g., gold
mining and combustion of fossil fuels and wastes), shows great toxicity mainly on
renal and nervous systems through the disruption of enzyme activity [3,4]. Lead
ions (Pb?*), on the other hand, released to the environment by many end-user
products such as dyes, gasoline and batteries and it can cause neurological,
cardiovascular and developmental disorders in especially children [5]. Similarly,
another highly toxic metal ion; cadmium (Cd?*) may be found in many end user
products such as plastics, batteries, cigarettes and dyes [5]. In addition, many
other metal ions such as aluminum, copper, zinc and silver have proved acute and

chronic toxicity against biological organisms.

Therefore, monitoring of toxic metal ion levels in water (drinking, sea, lake, etc.) is
very important in terms of waste management, environmental analysis, toxicology,
water safety, and water quality [6]. Common methods for the detection of metal
ions are based on chromatographic and spectroscopic technigues such as
inductively coupled plasma mass spectrometry (ICP-MS), atomic absorption
spectrometry (AAS), high performance liquid chromatography (HPLC) and X-ray
fluorescence spectroscopy (XRF) [7-9]. Although, these methods are highly
sensitive they require intense technical training because of their complicated
procedures, and they are expensive and time-consuming. Also, many
electrochemical and membrane based methods are available for detection of
agueous metal ions. However, these methods are generally insufficient in terms of
sensitivity for real-world applications. Therefore, low cost, simple, rapid, and

portable methods for metal ion detection are still highly desired.

In this context, colorimetric methods (based on dyes or surface modified metal
nanoparticles) are very promising due to their simplicity, cost effectiveness, and
rapid detection times. The colorimetric response of these sensors can be easily
monitored with the naked eye or by using a UV-Vis spectrophotometer, without

needing any complicated instruments [10,11]. In particular, colorimetric sensors of

1



metal (mostly gold and silver) nanopatrticles attracted a great deal of interest due
to their size- and shape-dependent optical properties and large absorption
coefficients [12,13].

Recently, metal nanoparticle-based colorimetric assays for toxic metal ion
detection have been emerged as a simple and low-cost alternative of above
mentioned based methods [13-20]. These assays are based on controlled
aggregation of surface modified (with aptamers, peptides, proteins, small organic
molecules etc.) metal nanoparticles in the presence of metal ions [18,21-32].
Aggregation of metal nanoparticles in the presence of analyte ions changes the
color of nanoparticles solution. Therefore, rapid and sensitive detection of metal
ions without the need of any equipment (i.e., naked eye observation of color
changes) or using a simple UV-Vis absorption spectrophotometer can be

achieved.

In this thesis, we focused on preparation of novel gold nanoparticle (AuNP) based
colorimetric sensors for toxic metal ion detection. This thesis cover two main
research projects; 1) ultrasensitive colorimetric sensing of Hg?* using citrate-
capped AuNPs and lysine and 2) development of a colorimetric sensor array for

detection of multiple metal ions based on AuNPs and amino acids.

In the first part, we reported a simple yet very sensitive colorimetric assay for rapid
detection of Hg?* in water. The colorimetric assay is based on the aggregation of
as-prepared citrate-capped AuNPs in the presence of Hg?* ions and the positively
charged amino acid, lysine. The detection limit of this inexpensive colorimetric
assay is 2.9 nM, which is below the limit value (10 nM) defined by the U.S.
Environmental Protection Agency (EPA) in drinkable water. Also, the colorimetric
response of citrate-capped AuNPs in the presence of lysine is very selective to the
Hg?*. In addition, the colorimetric assay is very fast, and all analyses can be

completed within a few minutes.

In the second part, we reported a facile colorimetric sensor array for detection of
multiple toxic heavy metal ions (Hg?*, Cd?*, Fe®*, Pb?*, APR*, Cu?*, and Cr®) in
water is demonstrated using 11-mercaptoundecanoic acid (MUA)-capped AuNPs
and five amino acids (lysine, cysteine, histidine, tyrosine, and arginine). The
presence of amino acids (which have functional groups that can form complexes
with metal ions and MUA) regulates the aggregation of MUA-capped patrticles; it

2



can either enhance or diminish the particle aggregation. The combinatorial
colorimetric response of all channels of the sensor array (i.e., color change in each
of AUNP and amino acid couples) enables naked-eye discrimination of all of the
metal ions tested in this study with excellent selectivity.



2. GENERAL INFORMATION

2.1. Toxicity of Metal lons

Safe and adequate water for drinking and as well as for other vital activities (e. g.
agricultural activities) available to all is needed to sustain life. Also, quality of water
is very important in terms of improving the public health. There are three major
aspects to determine the quality of drinking water, which are microbial, chemical
and radiological aspects. Microbial contaminants in water such as pathogenic
bacteria, viruses and helminths have acute effects and they can cause serious
infections and diseases. Chemical contaminants such as organic compounds and
heavy metal ions, on the other hand, have generally chronic effects and may
cause diseases such as cancer and Alzheimer's disease. Also, radiological
contaminants such as radioactive compounds may cause both serious acute and
chronic diseases including cancer. Therefore, to provide safe drinking water to
humans, fast and reliable analysis of drinking water is very important to determine
the risk factors and decide appropriate treatment methods [33]. In this thesis, we
will discuss the colorimetric sensing of toxic metal ions (Hg?*, Pb?*, Cd?* etc.) in
drinking water. Therefore, below we briefly discuss their health effects and current

methods for their detection in aqueous media.

Metal ions are widely released to the environment by industrial activities such as
mining, combustion of fossil fuels and industrial wastes. Lead, mercury and
cadmium are the most toxic three among the toxic metal ions and their use in
electronic equipment prohibited by the European Union [5]. Other than these three,
many metal ions including copper, zinc, aluminum and silver have proved toxicity
to humans. Even very low levels exposure to these metal ions may cause serious
health problems. For example, lead may cause neurological, cardiovascular and
developmental disorders in especially children [5]. Similarly, cadmium has many
serious effects on human health; chronic exposure to cadmium may cause cancer,
cardiovascular diseases and renal failure [5]. Mercury accumulation in the body,
on the other hand, can mainly cause diseases related with the nervous system
such as motor disorders and Minamata disease [1,34]. Another toxic metal ion
copper can cause anemia, gastrointestinal distress, and liver and kidney damage

[35]. Also, recent studies demonstrated the effects of long-term exposure of



several metal ions including aluminum, iron, copper and zinc, on neurological

diseases such as Alzheimer’s and Parkinson’s diseases [36,37].

The most common methods developed for detection of metal ions in water are
based on chromatographic and spectroscopic techniques such as ICP-MS, AAS,
HPLC and XRF. These methods offer very sensitive and reliable measurement of
several metal ions. For example, Karunasagar et al. reported the aqueous Hg?*
detection with a detection limit of 1 ng/L by cold vapor introduction into an ICP-MS
system in plasma [38]. Maciel et al. demonstrated the detection of Cd?* ions with a
detection limit of 80 ng/L by using AAS [39]. Although, these methods have good

sensitivity they often have complicated and expensive procedures.

Electrochemical methods such as anodic stripping voltammetry, stripping
chronopotentiometry and competitive ligand equilibration-adsorptive cathodic
stripping voltammetry have been also extensively applied for metal ion detection in
aqueous media [40]. These methods are very selective due to the specificity of the
potential chosen for an electrochemical reaction, M"aq + ne- = M° [41]. However,
electrochemical methods need relatively long time (around 20 min) to provide
adequate sensitivity. In addition, many other methods have been also applied for
detection of metal ions such as ion exchange and complexing resins techniques,
diffusive gradients in thin-film gels, permeation liquid membrane technique and
Donnan membrane technique. More information about these methods can be

found in previous excellent reviews [40,41].

Recently, metal nanoparticle (mostly gold or silver) based colorimetric assays for
toxic metal ion detection have been emerged as a simple and low-cost alternative
of above mentioned methods [13-20]. These assays are based on controlled
aggregation of surface modified (with aptamers, peptides etc.) metal nanoparticles
in the presence of metal ions. Aggregation of metal nanopatrticles in the presence
of analyte ions changes the color of nanoparticles solution. Therefore, rapid and
sensitive detection of metal ions without the need of any equipment (i.e., naked
eye observation of color changes) or using a simple UV-Vis absorption
spectrophotometer can be achieved. In the Section 2.7, gold nanoparticle based

colorimetric metal ion sensors will be discussed in detail.



2.2. Gold Nanoparticles

Gold nanoparticles (AuNPs) can be synthesized in different size and shape
(spheres, rods, shells, plates etc.) and their surface chemical modification is easy
and well established. More importantly, they have size and shape dependent
optoelectronic properties which make them a strong candidate for optical detection
applications [13]. Below, we will discuss the common AuNP synthesis methods,

their surface modifications and their optical properties.

2.3. Synthesis of Gold Nanoparticles

2.3.1. Citrate Based and Related Methods

In 1857, Micheal Faraday synthesized colloidal gold hydrosols by reduction of
chloroaurate solution with phosphorus dissolved in carbon disulfide [42]. This work
can be accepted as first demonstration of colloidal gold synthesis. Almost a
century later, in 1951, Turkevich developed an easy method to synthesize AuNPs
in water in which the HAuCl4 (chloroauric acid) salt is reduced to Au using sodium
citrate [43]. This approach became most widely used method for obtaining AUNPs.
In this method, preheated sodium citrate solution was added to boiling water
containing HAUCI4 salt to reduce the Au®* ions to metallic Au®. In this reaction,
citrate also stabilizes the formed AuNPs by covering their surfaces. Later, Frens
extend the method to control size of AuNPs (in the range of 16 to 150 nm) by
changing of sodium citrate amount in the solution (Figure 2.1) [44].



Figure 2.1. TEM images of citrate capped AuNPs prepared using different
amounts of sodium citrate. Decreasing the sodium citrate amount increases the
particle size (A-F). Reprinted with permission from ref. [44].

2.3.2. The Brust-Schiffrin Method

In 1994, Brust and Schiffrin used strong thiol-gold interaction to stabilize ultra-
small AuNPs (Figure 2.2). In this method, AuNPs was synthesizing in organic
phase [45]. Thanks to the surfactant of tetraoctylammonium bromide (TOAB)
AuCls got into toluene from aqueous phase. Gold ions reduced by sodium
borohydride (NaBHa4) in presence of dodecanethiol. After that a color change can
be seen from orange to brown. The method enables the control of AuUNPs diameter



in the range of 1.5 to 5 nm with changing of reaction conditions (gold/thiol ratio,
reduction rate and temperature). Obtained AuNPs were very stable because of the
strong thiol-gold interaction. Later, other reducing agents such as superhydride
[46] and glutathione [47] was also used instead of NaBHa.

Figure 2.2. (a) Low magnification and (b) high magnification TEM images of the
small AuNPs prepared according to the Brust-Schiffrin method. Reprinted with
permission from ref. [45].

2.3.3. The Seed-Mediated Methods

As the particle size becomes bigger particles become polydisperse in the single-
step citrate based methods. More importantly, shape control is very limited in the
single-step methods. To address these limitations seed-mediated methods, in



which AuNPs were prepared step by step using generally citrate stabilized small
AuNPs, have been developed. This method enables preparation of variety of
AuNPs with various size and shapes. The seed growth includes in general two
steps. In the first step, small AUNP seeds are prepared and added in a ‘growth’
solution. The growth solution also contains HAuCIs, stabilizing and reducing
agents. Thus, large AuNPs can be formed growing reduced Au® on the seed
surface. Amount and nature of the reducing agent, stabilizer and their ratio to Au
precursor provide to control size, shape and surface properties in the seed-growth
synthesis [48].

Murphy’s group reported a procedure to synthesize gold nanorods (AuNRS) using
the seed mediated growth method where ascorbic acid reduces HAuCls to HAuCl2
in the presence of cetyl triammonium bromide (CTAB) and AgNOs after that
citrate-capped spherical AuNPs are mixed with HAuUCI2 solution [49]. In this
approach, ascorbic acid reduces Au* to Au® over AuNP seeds and CTAB
surfactant directs the structure. High aspect ratio (length/width) AuNRs with the
ratios of up to 25 can be prepared using a three-step procedure [50-53].
Interestingly, addition of nitric acid to the third seeding growth solution improves
the yield and monodispersity [54]. Later, EI-Sayed’s group improved the yield and
polydispersity of the AuNRs by replacing the citrate stabilizer of seeds with a
stronger stabilizer of CTAB [55]. Similarly, they used AgNOsto control the aspect
ratio of the AuNRs. By controlling the reaction parameters they obtained AuNRs

with high yields of up to 99% and aspect ratios between 1.5 and 4.5 (Figure 2.3).



Figure 2.3. TEM images of AuNRs with different aspect ratios. Reprinted with
permission from ref. [55].

2.3.4. Photochemical Method

Another method to synthesize anisotropic AuNPs is the photochemistry. UV light
can reduce the HAuCls and in the presence of rod shaped cationic micelles to form
AuNRs [56,57]. A specific crystal face is stabilized by the micelle surfactant as in
the seed-growth procedure. Increase in the aspect ratio of the AuNRs was
observed for this method in the presence of NaCl [57] and also Ag* ions [58]

similar to the seed-growth process.

Additives such poly(vinylpyrrolidone) (PVP) and ethylene glycol [59] or TiO:2
colloids [60-62] can be also used in the photochemical approach to either stabilize
or control the shape of the particles. For instance, Zhang’s group used TiO2
nanoparticles to prepare star-shaped platelet-like asymmetric AUNPs (Figure 2.4)
[62]. Also, Au nanodots were assembled on graphene oxide using the
photochemical approach in the presence of graphene oxide [63]. Although
photochemical methods eliminate the need of reductants they normally have long
reaction times, approximately 30 h, compared to the chemical methods [58,64].
Nevertheless, the photo-reduction time can be reduced to approximately 30 min if

ascorbic acid is used as a pre-reductant [65-67].
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Figure 2.4. (a) SEM, (b) and (c) TEM images of star-shaped platelet-like
asymmetric AuNPs. Inset in (a) shows the cross section of the plates. Adopted
with permission from ref. [62].

2.3.5. Electrochemical Method

Wang’s group immersed an Au plate anode and a Pt plate cathode in an
electrolyte containing CTAB and tetradodecylammonium bromide (TOAB) as a co-
surfactant. Electrolytic oxidation of the Au anode then formed AuBrs~ bound to the
CTAB micelle, which then underwent migration to the cathode and cathodic
reduction to Au®. Ag* cations produced by the redox reaction between Au* and an
Ag plate controlled the ratio of formed AuNRs. Then ultrasonication process
separates the AuNRs from the cathode [68,69]. AuNRs are produced in this
method have aspect ratios of between 2 and 7 (Figure 2.5). Also these AuNRs are

single crystals without stacking faults, twins, or dislocations.

11



Figure 2.5. TEM images of (a) short and (b) long AuNRs prepared using the
electrochemical method. Adopted with permission from ref. [69].

2.3.6. Sonochemical Method

Using the ultrasound approach very small AUNPs can be synthesized thanks to the
extreme local temperature and pressure conditions formed due the acoustic
cavitation. AuNPs prepared using this method; however, have broad size and
shape distribution [48]. To overcome this problem surfactants and alcohols can be
added to the synthesis solution [70,71]. One interesting example of this approach
is the single-crystalline flexible Au nanobelts with a width of 30-50 nm and a length

of several micrometers synthesized by Han’s group [72] (Figure 2.6).
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Figure 2.6. TEM images of Au nanobelts at different magnifications. Adopted with
permission from ref.[72].

2.3.7. Templates Based Methods

Another approach to prepare nonspherical AUNPs is the template based methods
where gold salts first reduced into the proper templates and after removal of the
template AuNPs are obtained. In this method shape and size of the resulting
AuNPs are determined by the template properties such as pore shape and length
[73]. Variety of templates have been employed up to date such as porous silica
[74] or silicon membranes [75], block copolymers [76], nanoparticles [77], carbon
nanotubes [78], surfactants micelles [51,52,68,79], viruses, [80], and DNA [81].

Also, some groups report the use of template based methods in combination with
other methods such as photochemical, electrochemical, and sonochemical
methods. For example, Lee et al. prepared gold nanotubes by electrochemically
reducing of gold salts into the pores of anodized aluminum oxide (AAO) templates
[82]. The nanotubes have very narrow size distribution and high aspect ratio

thanks to the well-organized pores of AAO templates (Figure 2.7).
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Figure 2.7. (a) Cross-sectional SEM image of the AAO template. (b) SEM image of
the Au deposited AAO template. (c, d) SEM images of Au nanotubes after
template removal. (e) TEM image of the Au nanotubes. Reprinted with permission
from ref. [82].

One of the most popular applications of template based methods is the preparation
gold shells using silica micro/nano particles as templates. In this approach Au ions
reduced around the positively charged silica cores. Halas and co-workers
demonstrated the can control of size and shell thickness of the gold layers by
tuning the reaction time and the concentration of the plating solution [83]. Later,
same group demonstrated preparation rice-shaped gold nanoshells using iron-

oxide particles as templates (Figure 2.8) [84].
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Figure 2.8. (a) Schematic representation of synthesis steps of iron oxide templated
rice-shaped gold nanoshell fabrication. (b-e) SEM (left panel) and TEM (right
panel) images of the particles at every step of synthesis. Reprinted with
permission from ref. [84].

2.3.8. Galvanic Replacement Method

The galvanic replacement approach is based on the spontaneous reduction of gold
ions by another metal. Redox potential differences between the reducing metal
and the Au®'/Au system make the reaction favorable. Using the galvanic
replacement, Xia and coworkers reported the preparation of gold nanostructures
with hollow interiors. They used silver nanostructures as sacrificial templates
(Figure 2.9) [85-88]. The method is based on the oxidation of Ag to templates to
AgCl using AuCls salt. Since AgCl is soluble at elevated temperatures at the end

of the reaction all Ag dissolved and hollow particles are obtained [85].
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Figure 2.9. (a) TEM image of Ag nanopatrticle templates. (b and ¢) TEM and SEM
images of hollow AuNPs, respectively. (d) Electron reflection pattern of the hollow
AuNPs. (e and f) TEM images of hollow Au nanotubes. Reprinted with permission
from ref. [86].

2.4. Surface Modification of Gold Nanoparticles

Surface of as prepared AuNPs is covered with surface stabilizing agents which
protect them from aggregation. The AuNPs prepared using the Turkevich method
is covered with citrate ions which is both stabilizer and reductant in the reaction
[43]. The AuNPs prepared using Brust-Schiffrin method, on the other hand,
contains alkylthiols such as dodecanethiol, on their surfaces [45]. Surface of
anisotropic AuNPs (nanorods, plates etc.) generally covered with surfactant
molecules such as CTAB. In the recent years, alternative synthesis methods have

been also reported. One interesting approach is the use of amino acids as both
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reducing and stabilization agent in the AuNP synthesis, which yields amino acid
functionalized AuNPs [89,90].

For biological and chemical applications, these ligands were generally replaced
with proper ligands in order to improve colloidal stability of the particles and make
the particles water soluble, biocompatible and/or specific to a chemical or
biological molecule. For example, the AuNPs prepared using Brust-Schiffrin
method are water insoluble and for many applications ligand exchange with water-
soluble thiolated ligands is needed. Due to strong interaction between gold surface
and thiol groups the particles can be easily transferred in water phase. Also,
surfactant molecules were exchanged with thiolated polyethylene glycol (PEG)
polymers prior to the use in biological applications due to the high toxicity of
surfactant molecules. Further surface modification over PEG layers to give AuUNPs
other functionalities, such as targeting or fluorescence property, can be also done
(Figure 2.10). Other than PEG, many other polymers such as poly(vinyl alcohol),
chitosan, poly(N-vinylpyrrolidone) and poly(methyl methacrylate) were also used to
improve the stability of AUNPs [91-94]. For chemical sensing applications, AuNP
surfaces was modified with various small organic molecules or biological
molecules (e. g. aptamers and peptides) which will be discussed below in more

detail.
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Figure 2.10. Schematic representation of PEG and peptide modification of AUNRSs.
Reprinted with permission from ref. [95]
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2.5. Optical Properties of Gold Nanoparticles

AuNPs have shape and size dependent unique light absorption properties which
make them promising for various applications including colorimetric sensors,
disease diagnosis and therapy and solar cells. Figure 2.11 shows the absorption
bands of the AuNPs with different shapes. The light absorption of nanosized Au is
due to the coherent oscillation of the conduction band electrons induced by the
interacting with the electromagnetic field. This is only observed in nanosized Au
and it is absent either then the particle size roughly below a few nanometers
(individual atoms or small clusters) or above a few hundreds of nanometers (bulk
form). This special light absorption property of nanosized metal particles is
generally known as surface plasmon resonance (SPR) effect [96].
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Figure 2.11. Major SPR bands of AuNPs with different shapes. Reprinted with
permission from ref. [97].



As the particle size increases, the SPR absorption peak red shifted to longer
wavelength (Figure 2.12a). In addition to the size and shape, other parameters like
dielectric property of the medium, aggregation state, surface modification, and
refractive index of surrounding medium may also affect the SPR frequency of
AuUNPs [98]. For example, aggregation of AUNPs results in a red shift in the SPR
absorption peak of the particles (Figure 2.12b).
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Figure 2.12. (a) Absorption spectra of AUNPs (spherical) with different sizes. (b)
pH-induced reversible aggregation of surface functionalized AuNPs. Aggregation
of AuNPs results in a red shift in the absorption spectrum. Reprinted with
permission from refs. [99,100].

2.6. Colorimetric Detection of Metal lons Using Metal Nanoparticles

Attachment of chelating agents onto the nanoparticle surface is the basic step of
metal nanoparticle (gold or silver nanoparticles, AgNPs) based colorimetric
detection of metal ions. Chelating agent forms complexes with metal ions and
promotes nanoparticle aggregation, which result in a color change in the
nanoparticle solution. The color change can be detected easily by naked-eye
and/or using a UV-Vis spectrophotometer. Many different chelating agents
including DNA, aptamers, and small organic molecules have been employed to
prepare colorimetric sensors for metal ion detection. Below, we will give some

important examples in the field.
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2.6.1. Detection of Heavy Metal lons

Metal ion detection using AuNPs, demonstrated by Hupp et al. [7], for the first
time, using MUA capped 13 nm spherical AuNPs. The assay can detect three
common heavy metals (Pb?*, Cd?*, and Hg?*) through red to blue color change
after chelating of heavy metal ions with surface carboxylates of MUA
functionalized AuNPs (Figure 2.13). However, the selectivity of the sensor is poor
and its detection limit in uM level for all of the three metal ions which limit their

practical applications.

Figure 2.13. Schematic representation of heavy metal ions sensing using the MUA
capped AuNPs. Reprinted with permission from ref. [7].

The selectivity and sensitivity (100 nM) of this system was improved by Chang et
al. [31] by changing the buffer composition and monolayer structure. Also, Chen et
al. [101] reported the colorimetric detection of Pb?* ions using AuNPs
functionalized with both carboxylate and 15-crown-5. At the beginning,
functionalized AuNPs were aggregated in methanol containing water because of
hydrogen bonding between carboxylic acid residues. Then a color change from
blue to red was observed with the addition of Pb%* ions due to breakage of the

hydrogen bonding [101].

Recently Lee et al. reported very sensitive and selective detection of Pb?* using
triazole-acetate functionalized AuNPs (TTA-AuNPs). In the presence of Pb?*, a
bridge between Pb?* and TTA was formed through the carboxyl group and triazole.
Hence, an aggregation of AuNPs occurred and resulted with a color change from
red to purple. This sensor can detect Pb?* ion as low as 16.7 nM. This sensitive

colorimetric sensor also worked in lake water including interfering metal ions [102].
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Many efforts have been also devoted to detect Hg?* in water using colorimetric
sensors. For instance, Mirkin’s group synthesized DNA functionalized AuNPs for
the detection of Hg?* ions through the thymidine-Hg?*-thymidine bond formation
above the melting point of DNA functionalized AuNPs (Figure 2.14) [18]. The

assay can detect Hg?* selectively and sensitively (100 nM).
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Figure 2.14. Schematic representation of Hg?* sensing using DNA functionalized
AuNPs. Reprinted with permission from ref. [18].

Yu et al. reported 3-mercaptopropionic acid (MPA) and adenosine monophosphate
(AMP) functionalized AuNPs for the colorimetric detection of Hg?* ions [103] AMP
provided high negatively charge density to AuNP surface which makes the
MPA/AMP capped AuNPs dispersible in salt solutions. In contrast, MPA/AMP
capped AuNPs aggregated in salt solutions in the presence of Hg2* ions due to the
interactions between surface carboxyl groups and Hg?* ions, which increase the
zeta potential and destabilize the AuNPs in salt solutions. In this scheme, Hg?*
detection limit is lowered to 50 nM. Thioctic acid functionalized AUNPs (TA-AuNPS)
were also used for detection of Hg?* ion in water. In the presence of Hg?*, Hg?*
ions were replaced with thiol groups and aggregation of AUNPs occurred rapidly.
This sensor system showed selectivity over 13 other metal ions and detection limit
was 10 nM [104].
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AuNRs were also applied for ultrasensitive detection of Hg?* ions (<1 nM). The N-
alkylaminopyrazole functionalized AuNRs interact with Hg?* ions to form
aggregates which cause both red shift and broadening of the plasmon band of the
AuUNR solution (Figure 2.15) [105].
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Figure 2.15. Schematic representation of Hg?* induced self-assembly of N-
alkylaminopyrazole functionalized AuNRs. Reprinted with permission from ref.
[105].

Recently, in the concept of this thesis, our group also demonstrated a very simple
method for ultrasensitive detection of Hg?* ions in water (3 nM) [14] which will be

discussed in Section 4.1 in detail.

Metal nanoparticle based colorimetric sensors was prepared for many other heavy
metal ions. For example, Yao et al. [106] synthesized triazole-carboxyl
functionalized AgNPs to determine Co?* selectively in aqueous solution. In the
presence of Co?* ions, AgNPs aggregated through metal-ligand interactions and
so a color change from yellow to red was observed. The detection limit of the
sensor was 10 uM and it was highly selective to Co?* ions compared to 12 other
metal ions. Graham’s group designed a colorimetric sensor for detection of Ni%*
ions in aqueous solution using histidine and nitrilotriacetic acid (NTA) functional
AuNPs [107]. An octahedral coordination complex formed between histidine and
NTA moieties in the presence of Ni?* ions (Figure 2.16), which enables sensitive

detection of Ni2* ions.
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Figure 2.16. Schematic representation of the Ni?* coordinated octahedral complex
between histidine and NTA functionalized AuNPs. Adopted with permission from
ref. [107].

CTAB stabilized AuNRs were synthesized by Chen et al. which were used for the
detection of Cu?* ions in aqueous solution [108]. Unlike the above mentioned
chelating based colorimetric sensors, this assay is based on the catalytic etching
of AuNRs with the aid of S203?% in the presence of Cu?* (Figure 2.17). Even a very
low concentration (30 nM) of Cu?* produces a color change which can be seen by
naked eye. Similar to this approach, Chen et al. reported the detection Hg?* ions
based on the shape transformation of Ag nanoprisms to spheres due to the

dissolution of destabilized Ag nanoprisms in the presence of Hg?* ions [6].
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Figure 2.17. Schematic representation of catalytic etching based sensing of Cu?*
ions using AuNRs. [108]
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2.6.2. Detection of Other Metal lons

Non-heavy metal ions have been also detected using metal nanoparticles based
sensors. For example, Lin et al. [109] reported the colorimetric detection of K* ions
by using 15-crown-5 functionalized AuNPs (Figure 2.18). 15-crown-5
functionalized AuNPs and K* ions formed a complex and aggregates AuNPs;
accordingly a color change of AuNP from red to blue was observed. This assay
can detect K* ions selectively and in micromolar level. Later, same group improved
the sensitivity of the sensor by modifying the AuNP surface with thioctic acid in
addition to crown thiols [110]. The improved sensitivity of the sensor might be
attributed to the negatively charged carboxylate moiety of the thioctic acid, which
can electrostatically interact with K* ions and increase its concentration around the
AuUNP surface. Using the same principle, colorimetric sensors for Li* and Ca?* have

been also prepared [111,112].

é o N
Na* Na » Na*
*, NN Na*

Na* KQ ! » /

Na* o F

3 ~ Na*
s " Na® K \\ \

Na* Na* Na*

SH

_ (9}
e N eq/?f\o

Figure 2.18. Schematic representation of K* sensing in the presence of Na* ions
using 15-crown-5 functionalized AuNPs. Reprinted with permission from ref. [109].

Hutchison et al. [113] reported a colorimetric sensor for the detection of lanthanide
ions (Ln%®*) based on AuNPs functionalized with tetramethylmalonamide (TMMA).
Addition of Ln3* to the AuNPs solution caused formation of TMMA-Ln3* complex so

the color of the solution changed from red to blue. Wang et al., [114] synthesized
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pentapeptide (CALNN) functionalized AuNPs for the determination of Al®* ions.
Carboxylic groups of CALNN caught AIP* and caused a color change due to
AuNPs aggregation. They also demonstrated the measurement of intracellular AI*
levels (Figure 2.19). Uranyl (UO2?%) ions have been also detected using AuNP
based colorimetric sensors. In the first step, AuUNPs aggregated using DNAyzmes
which is specific to the uranyl ion. Uranyl ions cleave the bond between
aggregates and releases AuNPs, which changes the color of solution from purple
to red. The detection limit is 50 nM, which is below the maximum contamination
limit have defined by the EPA [115].
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Figure 2.19. Bright-field microscopic images of HelLa cells incubated with
pentapeptide functionalized AuNPs and different amounts of Al®* ions; (a) 0 mM,
(b) 5 mM, (c) 10 mM, (d) 50 mM and (e) 100 mM. (f) After F etching the AuNPs in
(e). Reprinted with permission from ref. [114].

2.6.3. Selective Detection of Multiple Metal lons

It is very attractive to detect more than one metal ion using the same assay for
practical applications since it will decrease the cost and time needed for analysis.
For this purpose, Lou et al. [15] reported a simple and rapid colorimetric assay to
simultaneously detect Hg?* and Ag* ions. They reduced Hg?* or Ag* on to the
Tween 20 stabilized AuNPs with the help of ascorbic acid (AA). The metal layer
protects the AuNPs against aggregation, which enable blue to red detection of

both metal ions. To give the selectivity to the assay one of the metal ions can be
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eliminated from the solution or chelated using proper chemicals; EDTA for Hg?*
and NaCl for precipitate Ag* (Figure 2.20). The sensor was able to detected Hg?*
levels as low as 5 nM, and Ag* levels as low as 10 nM. They validated this
sensitive and selective method both in drinking and tap water.
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Figure 2.20. Results of selective Hg?* and Ag* sensing using Tween 20 stabilized
AuUNPs. (a) Hg?* in the presence of NaCl and (b) Ag* sensing in the presence of
EDTA. Reprinted with permission from ref. [15].

In the study by Modi et al. [116] 6-mercaptonicotinic acid (MNA) and melamine
(MA) functionalized AgNPs were prepared to detect Cr3* and Ba?* ions at the
same time, in aqueous solutions. MNA and MA molecules attached to the AgNPs
surface through Ag-S and Ag-N linkage. Cr®* and Ba?* ions interacted through
strong cooperative metal-ligand interactions with functionalized AgNPs and it
caused quick aggregation and a color change from yellow to reddish brown for
Cr¥* and to orange for Ba?'. They also applied this method successfully for
determination of Cr3* and Ba?* ions in drinking, tap and river water samples
simultaneously. Simultaneous detection of Cu?* and Ag* ions reported by Alizadeh
et al. [117] using the chelidamatic acid and 2-aminopyridine modified AuNPs. The
moieties of chelidamic acid on the AuNPs surface had ability to make complexes
with Cu?* and similarly 2-aminopyridine had ability to make complexes with Ag*
ions. In the presence of Cu?* ions modified AUNPs aggregated and formation of
black precipitates observed. In the presence of Ag* ions a quick color change from

brown to purple occurred because of aggregation of AUNPs.
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In a recent study, green AgNPs which were synthesized by reducing extracts of
different plants (neem, mango, pepper and tea plants) were utilized to detect
several heavy metal ions (Hg?*, Pb2*, Zn?*) in aqueous solutions [118]. The
complicated interactions between surface bound plant extracts and metal ions
enables detection of Hg?*, Pb?*, Zn?*ions in a wide pH range. In a similar manner,
Kumar et al. [119] reported the detection of Cd?*, Hg?* and Pb?* ions using the
AgNPs that are functionalized with different organic ligands such as N-(2-
hydroxybenzyl)-valine (VP) and N-(2-hydroxybenzyl)-isoleucine (ILP).

Recently, our group reported the simultaneous detection of 7 metal ions with
excellent selectivity using an array of MUA stabilized AuNPs and amino acids

which will be discussed in Section 4.2 in detail.

2.6.4. New Approaches

In order to develop on-field colorimetric devices for metal ion detection based on
metal nanoparticles, some recent studies reported smart phone coupled systems
which make these devices very compact by eliminating the need of bulky UV-Vis
spectrophotometers. For instance, Ozcan group developed a compact device for
detection of mercury contamination in water using a smart phone for both
collecting and analyzing the colorimetric response data [120] (Figure 2.21). The
device uses green and red LEDs two analyze the color of solution. Also, it
calculates the mercury concentration automatically using a custom-developed
application. Using this lightweight (smart phone + 40 g of apparatus) device, they
produced a mercury contamination map for California (USA) by investigating the

samples taken from more than 50 locations.
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Figure 2.21. Schematic representation of the smart-phone based sensing of Hg?".
Reprinted with permission from ref. [120].

In another recent study, Chen et al. [121] developed a compact paper-based
sensor for detection of mercury contamination in water. They produced the paper-
based sensor array using a conventional printer and read and analyze the data
using a smart phone (Figure 2.22). They reached a mercury detection limit of 50
nM in real samples using this portable device.
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Figure 2.22. Schematic representation of Hg?* sensing using the paper-based
colorimetric sensor. Reprinted with permission from ref. [121]
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3. MATERIALS AND METHODS

3.1. Ultrasensitive Colorimetric Sensing of Hg?* using Citrate-Capped AuNPs
and Lysine

3.1.1. Materials

Sodium citrate tribasic dehydrate, gold(lll) chloride trihydrate, lysine, cysteine,
histidine, tyrosine, aspartic acid, arginine, alanine, glycine, phenylalanine,
tryptophan, methionine, leucine, isoleucine, Cu(NO3)2.6H20, Ni(NO3)2.6H20,
Pb(NO3)2, Fe(N03)3.9H20, Hg(NO3)2.H20, AgNOs, NaCl, Zn(NO3)2.6H20,
Co(NOs3)2.6H20, KNOs, Ca(NO03)2.4H20, AI(NO3)3.H20, Cd(NOs3)2.4H20 were
obtained from Sigma-Aldrich (St Louis, MO). All water used in the experiments
was purified using a Barnstead (Dubuque, IA) ROpure LP® reverse osmosis unit
with a high flow cellulose acetate membrane (Barnstead D2731) followed by a
Barnstead D3804 NANOpure® organic/colloid removal and ion exchange packed
bed system.

3.1.2. Methods

3.1.2.1. Synthesis of Citrate Capped Gold Nanoparticles

The AuNPs were prepared according to Turkevich method in which HAuUCl4 salt is
reduced to Au using sodium citrate [122]. Briefly, 12 mL preheated sodium citrate
solution (1%, w/w) was added to the 100 mL of boiling water containing 8.5 mg of
HAuCls salt. The solution was vigorously stirred while heating for 20 min until color
of the solution turned to deep red (Figure 3.1). Finally, the solution was cooled to
room temperature and volume of the AuNP solution was adjusted to 100 mL. The
average patrticle size of the AUNPs was determined to be 24.5 = 3.7 nm from TEM

images.
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Figure 3.1. Photograph of as-prepared citrate capped AuNP solution.

3.1.2.2. Colorimetric Sensing of Hg?* in Deionized and Tap Water

In a typical experiment 0.5 mL of AuNPs (0.4 nM, which was calculated according
a previous report [123]) was mixed with 0.2 mL of Hg?* solutions (in deionized or
tap water) at different concentrations to give final Hg?* concentrations in the range
of 1 nM to 20 uM. Then, 0.5 mL of lysine solution (final concentration is 0.4 mM) in
water (pH 7.0) was added to this solution. Finally, the color changes were detected
by naked eye and/or recording the UV-Vis absorption spectra. The photographs
were taken with a digital camera (12.1 megapixels) and the absorption
measurements were performed using a UV-Vis spectrophotometer between 350
nm and 850 nm. The sensor responses were calculated by dividing the extinction
of AuNP suspension at 725 nm to the extinction at 525 nm (Exv72s/Exs2s). All

experiments were performed in triplicate.
Limit of detection (LOD) values were calculated using the following formula;

Limit of detectable response = Average response of the blank + (3 x standard
deviation of the blank)
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3.1.2.3. Recovery Experiments

The recovery experiments were performed at the above-mentioned conditions
using Hg?*-spiked tap water. The absorption measurements between 350 and 850
nm were performed using a UV-Vis spectrophotometer. The sensor responses
were calculated by dividing the extinction of the AuNP suspension at 725 nm by
the extinction at 525 nm (Ex72s/Exs25). Then, using the response (Exr7zs/ Exszs) of
the colorimetric assay against spiked tap water samples and linear regression
equations, we calculated the Hg?* concentration in the samples. Finally, recovery

values were calculated using the following formula:

Recovery (%) = (calculated Hg?*/added Hg?*) x 100%

3.1.2.4. Effect of Other Amino Acids on the Response Colorimetric Sensor

The experiments were performed at the above-mentioned conditions with the
exception of using other amino acids (cysteine, histidine, tyrosine, aspartic acid,
arginine, alanine, glycine, phenylalanine, tryptophan, methionine, leucine, and
isoleucine) instead of lysine at the same concentration. The final Hg?*
concentration was kept constant at 10 uM in all experiments. Also, control
experiments were performed in the absence of Hg?*. All experiments were

performed in triplicate.

3.1.2.5. Selectivity of the Colorimetric Sensor

The selectivity of the colorimetric sensor was investigated using several metal ions
(Cu?*, Ni?*, Pb?*, Co?*, Zn?*, Ca?*, AI**, K*, Fe3*, Cd?*, Ag*, Na*, Au®*) under the
above-mentioned conditions. The final concentration of the competing metal ions
was adjusted to 50 uM, whereas the concentration of Hg?* was 1 uM. In addition,
selectivity experiments were performed in the presence of a mixture of all metal
ions (each ion concentration was adjusted to 10 uM). Also, control experiments
were performed in the absence of lysine. All experiments were performed in

triplicate.
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3.1.3. Characterization

The morphology and size of the AuNPs were characterized using TEM. The
AuNPs were dropped onto a copper-coated grid and then dried at room
temperature. TEM micrographs were taken at 200 kV by TEM microscope (FEl,
Tecnai G2 F30). Extinction spectra were recorded by a double beam UV-Vis

spectrophotometer (UV-1601, Shimadzu) at room temperature.

3.2. Development of a Colorimetric Sensor Array for Detection of Multiple
Metal lons based on AuNPs and Amino Acids

3.2.1. Materials

Sodium citrate tribasic dehydrate, gold(lll)chloride trihydrate (HAuCls), MUA,
lysine, cysteine, histidine, tyrosine, arginine, Hg(NO3)2.H20, Cd(NO3)2.4H20,
Fe(NO3)3.9H20, Pb(NO3)2, Al(NO3)3.H20, Cu(NO3)2.6H20, Cr(NO3)3.9H20, AgNOs,
Ca(NOs3)2.4H20, Zn(NO3)2.6H20, Co(NO3)2.6H20, Ni(NOs3)2.6H20, Sr(NO3)2, KNOs,
NaCl, and FeCl2.4H20 were obtained from Sigma-Aldrich (St Louis, MO). All water
used in the experiments was purified using a Barnstead (Dubuque, IA) ROpure
LP® reverse osmosis unit with a high flow cellulose acetate membrane (Barnstead
D2731) followed by a Barnstead D3804 NANOpure® organic/colloid removal and
ion exchange packed bed system.

3.2.2. Methods
3.2.2.1. Synthesis of MUA capped AuNPs

First, citrate capped AuNPs were prepared according to Turkevich method [122].
Briefly, 12 mL preheated sodium citrate solution (1%, w/w) was added to the 100
mL of boiling water containing 8.5 mg of HAuCls salt. The solution was vigorously
stirred while heating for 20 min until color of the solution turned to deep red. After

reaction completed, the volume of AuNP solution was adjusted to 100 mL.

To modify the AuNP surface with MUA, 10 mL of aqueous solution of MUA (3.25
mg) containing NaOH (0.5 M, 30 yL) was added to citrate capped AuNPs solution
(50 mL) while heating. Then, the solution was stirred for 1 hour [7]. Solution was

cooled to room temperature and volume of the MUA capped AuNP solution was
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adjusted to 50 mL. Finally, MUA capped AuNPs were washed with water twice to

remove the unbound MUA molecules.

3.2.2.2. Determination of Optimum Amino Acid Concentrations in the
Colorimetric Assay

To determine the suitable amino acid concentrations that will be used in the
colorimetric sensor array UV-Vis spectra of AuUNPs (0.1 nM) in the presence of
different amino acid concentrations between 0 uM and 500 uM were recorded
using a UV-Vis spectrophotometer at different time intervals up to 1 h. The
colorimetric responses were calculated by dividing the extinction of AUNPs at 625

nm by the extinction of 525 nm (Exez2s/EXs25).

3.2.2.3. Colorimetric Detection of Multiple Metal lons

The experiments were performed in a 96 well plate. 50 yL MUA capped AuNPs
(0.1 nM) was mixed with 5 uL of cysteine (1 mM) or 20 uL of other amino acids (1
mM) (lysine, cysteine, histidine, tyrosine, and arginine) at determined
concentrations. Then, metal ions (Hg?*, Cd?*, Fe%*, Pb?*, AI**, Cu?*, and Cr®) in
water at different concentrations were added to this solution to give final metal ions
concentrations in the range of 2 yM to 50 yM. Final volume of assay was
completed to 100 pyL with water. Finally, color changes were detected by the naked
eye and/or by using a plate reader. The colorimetric responses were recorded at
625 nm and 525 nm. The colorimetric responses were calculated by dividing the
extinction of AuNPs at 625 nm by the extinction of 525 nm (Exes2s/Exs2s). The
photographs were taken with a digital camera (12.1 megapixels).

3.2.3. Characterization

The morphology and size of the AuNPs were characterized using TEM. The
AuNPs were dropped onto a copper-coated grid and then dried at room
temperature. TEM micrographs were taken at 200 kV by TEM microscope (FEl,
Tecnai G2 F30). Extinction spectra were recorded by double beam UV-Visible
spectrophotometers (UV-1601 and UVmini-1240, Shimadzu) at room temperature.

A plate reader (Spectra max M5, Molecular Devices) used to read the absorption
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values at 525 nm and 625 nm of the colorimetric assay. Raman spectra were
collected using a DXR Raman Microscope (Thermo Scientific). Zeta potentials of

the AUNPs were measured using a Zetasizer (Nanoseries, Malvern).

3.2.4. Data Analysis for Multiple lon Detection

The colorimetric responses of the array against metal ions at different
concentrations were analyzed using hierarchical cluster analysis (HCA) as the
pattern recognition technique. The analyses were performed by built-in HCA
algorithms of MATLAB software. Euclidean distance method was used for the

obtaining the dendrograms.

MATLAB code for HCA:

X = [enter data]

D = pdist (X)

Squareform (D)

Z = linkage (X,'complete’,'euclidean’);
H = dendrogram (Z,'Orientation’,'right")
Set (H,'LineWidth',1)

The distance between two data points were calculated using Euclidean distance,
which is expressed as follow;

d(a,b) =
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4. RESULTS AND DISCUSSION

In this thesis, we focused on two research projects about preparation of novel
AUNP based colorimetric sensors for toxic metal ion detection. First part is entitled
as “Ultrasensitive Colorimetric Sensing of Hg?* using Citrate-Capped AuNPs and
Lysine” and second part is entitled as “Development of a Colorimetric Sensor
Array for Detection of Multiple Metal lons based on AuNPs and Amino Acids”.
Below, we will summarize the results of both projects in sections 4.1 and 4.2,

respectively.

4.1. Ultrasensitive Colorimetric Sensing of Hg?* using Citrate-Capped AuNPs
and Lysine

Facile metal NP-based colorimetric techniques have been developed for Hg?*
detection using commercially available simple ligands such as Tween 20 or urine
[15,124-126]. However, these methods generally revealed low sensitivity and a
poor limit of detection, with values higher than the limit of acceptable Hg?%

concentration in drinkable water, which is 10 nM according to the EPA [21].

With these insights, in this part we report a facile yet highly sensitive and selective
method for rapid Hg?* detection in both distilled and tap water samples. The
colorimetric assay utilizes as-prepared citrate-capped gold nanoparticles without
performing any tedious surface modification with Hg?* specific ligands. Instead, we
simply use the amino acid, lysine to promote aggregation of gold nanoparticles in
the presence of Hg?*. Strong affinity of some amino acids (e.g., cysteine) toward
Hg?* has been proved, and accordingly they have been used in colorimetric
assays [127-129]. However, they are generally used for detection of amino acids,
not Hg?*. Also, they are used with surface-modified AuNPs, not the citrate-capped
as-prepared AuNPs. The colorimetric Hg?* sensing principle of our assay can be
explained by a two-step mechanism. In the first step, Hg?* was spontaneously
reduced on the AuNP surface and formed a shell around the particles. Then, lysine
addition to this solution induced aggregation of Hg?*-covered AuNPs and resulted
in a rapid color change from red to purple or gray because the distance between
the AuNPs became less than the average particle diameter [124]. The color
change of the AuNPs was investigated using several Hg?* solutions in distilled or

tap water at different concentrations. The detection limit of this inexpensive

35



colorimetric assay is 2.9 nM, which makes our assay one of the most sensitive
colorimetric Hg?* sensors compared with many metal nanoparticle-based methods.
To demonstrate the selectivity, several metal ions were tested with the assay, and
it was observed that the response of the colorimetric assay is highly selective to
Hg?*.

4.1.1. Sensing Mechanism

Figure 4.1 shows the proposed Hg?* sensing mechanism of the colorimetric assay.
Initially, the surface of the as-prepared AuNPs is covered with citrate ions, which
are replaced with Hg?* ions upon the addition of Hg?* solution (final concentration
is 10 uM) to the AuNP solution. It is well-known that Hg?* ions can spontaneously
react with the AuNP surface to form a mercury layer [124,130]. After addition of
lysine (final concentration is 0.4 mM) to the Hg?*-capped AuNPs, the color of the
AuNP suspension immediately changes from red to purple or gray due to the
aggregation of AuNPs (Figure 4.2a). The color change of the solution is very fast
and occurs in a few seconds after the addition of lysine. The aggregation of the
AuNPs upon addition of lysine can be explained as follows: lysine contains two
amino groups which can strongly interact with the Hg?* ions [131], and therefore it
forms bridges between Hg?*-coated AuNPs and aggregates them. In the presence
of only Hg?* ions or lysine, the color of the AuNP solution did not change (Figure

4.2a), which also supports the proposed sensing mechanism.
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Figure 4.1. Schematic representation of the proposed Hg?* sensing mechanism of
the colorimetric assay.

Figure 4.2b shows the UV-Vis spectra of AuUNP solutions. As-prepared citrate-
capped AuNPs demonstrated typical extinction spectra for such particles with a
maximum centered at 525 nm. Upon addition of Hg?* ions, the extinction maxima
slightly blue-shifted to around 522 nm, indicating the Hg?* layer formation around
the AuNPs (Figure 4.2b) [124,132]. After addition of lysine to the Hg?*-capped
AuNP solution, a second broad and intense peak appeared at around 725 nm in
the extinction spectrum, which indicated the aggregation of AuNPs. Also, the
extinction peak at 525 nm of the well-dispersed AuNPs was largely reduced upon

lysine addition.
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Figure 4.2. Colorimetric response of the assay. (a) Photographs of AUNP solutions
showing the color change occurs only in the presence of lysine (0.4 mM) and Hg?*
(10 uM). (b) Extinction spectra of the AUNP solutions.

On the other hand, when only lysine was added to the AuNP solution, the
extinction spectrum remained almost unaffected. Hg?*-and/or lysine-added AuNP
solutions were further investigated using TEM (Figure 4.3). As can be seen from
the TEM images for citrate-capped AuNPs with no addition and citrate-capped
AuUNPs with Hg?*-only or lysine-only added solutions, AuNPs were well dispersed
on the TEM grid. On the other hand, large aggregates were observed for both

Hg?*- and lysine-added solution (Figure 4.3d).
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Figure 4.3. TEM images of AuNP solutions. (a) Bare AuNPs, (b) in the presence of
lysine, (c) in the presence of Hg?* ions, and (d) in the presence of both lysine and
Hg?* ions. AuNPs aggregated when both lysine and Hg?* were added.

4.1.2. Effect of Amino Acids on Aggregation of Hg?*-Capped AuNPs

As we mentioned above, it is believed that aggregation of Hg?*-capped AuNPs is
due to their strong interaction with two amino residues of lysine molecules. To
verify this hypothesis, we tested several amino acids with the assay. First, we
added Hg?* (final Hg?* concentration in the assay is 10 uM) to AuNP solutions, and
then amino acid solutions were added to these solutions to give a final amino acid
concentration of 0.4 mM. As shown in Figure 4.4a, among the tested 14 amino
acids only lysine and arginine produced a colorimetric response by aggregating
the AuNPs. Note that both amino acids have more than one amino group; lysine

contains two primary amino groups, and arginine contains two primary and two
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secondary amino groups. Therefore, aggregation of Hg?*-capped AuNPs can be
promoted by more than one amino group-containing molecule, which can interact
with more than one AuNP and provide bridge formation between particles,
resulting in aggregation. We also studied the effect of the amino acids on the
colloidal stability of the citrate-capped AuNPs in the absence of Hg?* ions (Figure
4.4b). It was observed that except for arginine, none of the amino acids
significantly affected the extinction spectrum of AuNPs. On the other hand,
addition of arginine resulted in a neck formation in the extinction spectrum of the
AUNP solution, indicating the AuNP aggregation. Nevertheless, in the absence of
Hg?* the aggregation was much lower compared to that of the Hg?*-capped
particles. Figure 4.4c shows the ratio between extinction intensity of aggregated
(around 725 nm) and separated particles (at 525 nm). As expected, the extinction
intensity ratio (Exz2s/Exs2s) of lysine and arginine was significantly higher than that
of control (i.e., bare AuNP solution) and as well as other amino acids in the
presence of 10 uM Hg?*. In the absence of Hg?*, all amino acids had Ex72s/ Exszs
values similar to that of control except for arginine, which gave a ratio slightly
higher than that of the other amino acids and control. These results indicate that
both lysine and arginine can be used to promote aggregation of AuNPs in the
presence of Hg?*. However, arginine also gave a slight response in the absence of
Hg?* ions, which can interact with the assay especially at low Hg?* concentrations.
Also, the ratios between the responses, in the presence and absence of Hg?* ions,
of lysine and arginine are 9.89 and 7.91, respectively. Obviously, higher selectivity
between these two conditions is desired for sensitive colorimetric sensors.
Therefore, we used lysine as an aggregation promoter in the remainder of the

study.
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Figure 4.4. Effect of amino acids on colorimetric response of the assay. Extinction
spectra of the colorimetric assay tested with 14 different amino acids: (a) in the
presence and (b) in the absence of 10 yM Hg?*. (c) Extinction intensity ratios
(Ex725/Exs25) of the colorimetric assay for 14 different amino acids in the presence
or absence of 10 uM Hg?* ions. (Lys: lysine, Cys: cysteine, His: histidine, Tyr:
tyrosine, Asp: aspartic acid, Arg: arginine, Ala: alanine, Gly: glycine, Phe:
phenylalanine, Trp: tryptophan, Met: methionine, Leu: leucine, lle: isoleucine).

4.1.3. Colorimetric Detection of Hg?*

To obtain higher aggregation and accordingly better colorimetric response through
Hg?* ions, first we optimized the lysine concentration in the assay. Figure 4.5
shows the effect of lysine concentration on the Ex72s/Exs2s value of the assay in the
presence of 10 uM Hg?*. The Ex72s/Exszs value increased sharply between the
lysine concentrations of 0.05 mM and 0.1 mM and reached a maximum value of
1.35. Further increasing the lysine concentration up to 1 mM did not significantly

affect the Exz2s/Exszs ratio. Therefore, we used a lysine concentration of 0.4 mM in
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the assay, which ensures the strong aggregation of AuNPs in the presence of
Hg?*. We also investigated the change in Ex72s/Exs2s ratio with time (Figure 4.6).
After addition of lysine, the Ex72s/ Exs2s ratio rapidly increased to 0.9 within 1 min
and reached a plateau around 1.3 after 5 min, indicating the rapid response of the

assay.
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Figure 4.5. Effect of lysine concentration on the response (Ex72s/Exszs) of the
colorimetric assay (Hg?* concentration is 10 uM in all measurements).
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Figure 4.6. Change of the colorimetric array response with time.

To determine the sensitivity of the colorimetric assay, we tested several Hg?*
solutions, which had concentrations between 1 nM and 20 pM. As the
concentration of the Hg?* increases, the color of the AuNPs gradually changes
from red to purple and finally to gray (Figure 4.7a), suggesting the Hg?%
concentration-dependent aggregation of AuNPs. The extinction spectra of
solutions (Figure 4.7b) reveal that with increasing Hg?* concentration, extinction at
525 nm decreased and extinction at 725 nm increased, which also indicates
gradually increasing aggregation of the particles. Figure 4.7c shows the
concentration-dependent colorimetric response (Ex7zs/Exszs values) of the assay.
In the Hg?* concentration range of 1 nM to 1 UM, Exz2s/ Exszs values regularly
increase. Further increasing the Hg?* concentration up to 20 uM only slightly
increased the colorimetric response. The response of the assay is highly linear,
with a linear regression correlation coefficient of 0.996 at the Hg?* concentration

range of 1 nM to 1 yM (Figure 4.8).
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Figure 4.7. Colorimetric sensing of Hg?*. (a) Photographs of AuNP solutions with
different Hg?* concentrations. (b) Extinction spectra of the solutions. (c) Response
(Ex725/Exs2s) of the colorimetric assay against increasing Hg?* concentrations.
Inset shows the response linearity of the assay at low Hg?* concentrations (Lysine
concentration is 0.4 mM in all measurements).
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Figure 4.8. Linearity of the array response against Hg?* in distilled water.

The lowest detectable Hg?* concentration using this assay was calculated to be
2.9 nM, which is significantly below the allowed Hg?* concentration limit (10 nM)
defined by EPA. Figure 4.7c inset shows the response of the assay at the low Hg?*
concentration range (1 to 60 nM). The assay also demonstrated good separation
and linear response at Hg?* concentrations of around 10 nM. Our simple assay is
one of the most sensitive and rapid colorimetric Hg?* sensors compared with many

metal nanoparticle-based methods (Table 4.1).
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Table 4.1. Comparison of our assay with other colorimetric approaches.

Probe Read out Surface LOD Selectivity Time Ref
modification | (nM) (min)
DNA-AuUNPs Absorption Yes 100 Hg? 10 [18]
DNA-AuUNPs Fluorescence | Yes 1 Hg? 10 [21]
DNA-AuUNPs Absorption Yes 10 Hg? 30 [22]
DNA-AuUNPs Absorption Yes 10 Hg?*a 20 [23]
DNA-AuUNPs Fluorescence | Yes 40 Hg? 30 [133]
Dye-DNA-AuNPs Fluorescence | Yes 25 Hg? 1 [27]
Citrate-AgNPs-DNA Absorption No 17 Hg% 5 [24]
Citrate-AuNPs-Aptamer | Absorption No 0.6 Hg% 10 [134]
Peptide-AuNPs Absorption Yes 26 Multiple ions | 1 [25]
BSA-AuUNCs Fluorescence | No 0.5 Hg? <1 [26]
Dye-PEG-AuNPs Fluorescence | Yes 2.3 Hg? 1 [28]
QA-AuNPs Absorption Yes 30 Hg? <1 [29]
MPA-AuUNPs Fluorescence | Yes 5 Hg?*a 10 [30]
MPA-AuNPs Absorption Yes 100 Hg?*a 60 [31]
MPA-homocysteine- Absorption Yes 10 Hg?*a 30 [32]
AuNPs
Alkanethiol-AgNPRs Absorption Yes 3.3 Hg% 15 [6]
NTA-AuUNPs-Tris Absorption Yes 7 Hg% 60 [135]
Tween20-AuNPs Absorption Yes 5 Hg?*a, Ag+a 30 [15]
Tween20-AuNPs Absorption Yes 100 Hg?*a, Ag*2 | 5 [124]
Citrate-AuNPS-Urine Absorption Yes 50 Hg? 30 [125]
Citrate-AuNPs-Lysine Absorption No 2.9 Hg? 5 This work

a Masking agents were added to eliminate interfering metal ions

46




4.1.4. Selectivity of the Colorimetric Assay

To determine the selectivity of the colorimetric assay against Hg?*, 13 other metal
ions (Cu?*, Ni?*, Pb?*, Co?*, Zn?*, Ca?*, AI**, K*, Fe3*, Cd?*, Ag*, Na*, Au®*) were
tested in the assay. Figure 4.9 shows the response of the colorimetric assay
against competing metal ions (50 uM) and Hg?* (1 uM) in the presence or absence
of lysine. In the absence of lysine none of the metal ions significantly changed the
Ex72s/Exs2s value of the AuNP solutions. On the other hand, after lysine addition,
Hg?* led to a large increase in the Ex72s/Exszs value of the assay, as expected.
Except for Ag*, none of the metal ions interacted with the colorimetric assay.
However, Ag*ions resulted in a slight increase in the colorimetric assay response.
Yet the response was considerably lower than the response of the assay against
Hg?* ions although the concentration of Ag* ions was 50 fold higher than the
concentration of Hg?* ions. The reason for the slight colorimetric response of Ag*
ions may be because of their spontaneous reduction tendency on the surface of
citrate-capped AuNPs as for the Hg?* ions [124]. However, interaction between the
amino functionalities of lysine and soft Ag* ions can be expected to be much
weaker than the interaction between lysine and hard Hg?* ions. Therefore, the
colorimetric assay gave only a slight response against Ag* ions even at a very high
ion concentration, and it shows a high selectivity for the Hg?* ions. To further
demonstrate the selectivity of the colorimetric assay, we measured its response
against 1 uM of Hg?* in the presence of a mixture of the other 13 metal ions (each
metal ion concentration was 10 uM) (Figure 4.9). The response of the assay was
only slightly reduced in this complex environment, indicating the excellent

selectivity of the colorimetric assay for Hg?* ions.
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Figure 4.9. Selectivity of the sensor. (a) Photographs showing the AuNP solutions
in the presence of lysine (0.4 mM) and several competing metal ions (50 uM) or
Hg?* (1 uM). (b) Response (Ex72s/Exszs) of the colorimetric assay against several
competing metal ions (50 uM) or mixture of competing metal ions (Cu?*, Ni**, Pb?*,
Co?*, Zn?*, Ca?*, APP*, K*, Na*, Fe®*, Cd?*, Au®*, Ag®) (10 uM) and Hg?* (1 uM) in
the presence (0.4 mM) or absence of lysine.
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4.1.5. Practical Application
To evaluate the applicability of the colorimetric assay to real samples, tap water
(sampled from Beytepe, Ankara; see Table 4.2 for ion composition of the tap

water) was spiked with Hg?* and tested in the assay.

Table 4.2. lon concentrations of tap water of Ankara?.

lon Content (mg/L)
Ammonia 0.50
Nitrite 0.5
Nitrate 50
Sodium 200
Chloride 250
Sulphide 250
Floride 15

aData was obtained in June 2013 (see ref. [136]).

Figure 4.10 shows the response of the colorimetric assay to tap water samples
with Hg?* concentrations of 1 nM to 1 uM. The sensor response linearly increased
with increasing Hg?* concentration in this concentration range (Figure 4.11).
Sensor responses in distilled water and tap water are very similar, suggesting that
the colorimetric assay can detect Hg?* without being affected by the interfering tap
water environment (other metal ions and organic contaminants). Accordingly, we
calculated a limit of detection value (3.9 nM) for Hg?* in tap water experiments
similar to that in the experiments performed in distilled water. Figure 4.10b shows
the response of the assay at low Hg?* concentration range (2 to 100 nM). Even at
low Hg?* concentrations, the assay response demonstrated a high linearity (R? =
0.99). To further demonstrate the applicability of our assay in practical
applications, we performed recovery experiments using spiked tap water samples
with 5 nM of Hg?* (Table 4.3). We observed an average recovery value of 97%,
indicating that the colorimetric assay can be used for the detection of Hg?* in real
samples even at concentrations below the allowed Hg?* concentration (10 nM)
defined by the EPA. High recovery percentages even at very low Hg?*
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concentration and low standard deviation in the experiments indicate the high
accuracy of our colorimetric assay.
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Figure 4.10. Colorimetric sensing of Hg?* in tap water. (a) Photographs of AuUNP
solutions in tap water with different Hg?* concentrations. (b) Colorimetric response
of the assay against Hg?* containing tap water samples at different concentrations
(Lysine concentration is 0.4 mM in all measurements).
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Figure 4.11. Linearity of the assay response against Hg?* in tap water.

Table 4.3. Results of the recovery experiments performed in tap water samples.

Added (nM) Found (nM) Recovery (%)
5 4.72 94.5
5 4.99 99.8
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4.2. Development of a Colorimetric Sensor Array for Detection of Multiple
Metal lons based on AuNPs and Amino Acids

Although many successful colorimetric probes have been reported for detection of
single specific metal ions; colorimetric sensor arrays that are capable of detection
of multiple metal ions are very rare [7,25,137]. One example of such colorimetric
assays is reported by Kim et al. [7], which uses simple MUA-capped AuNPs for
simultaneous detection of Hg?*, Pb?*, Cd?* ions through ion-templated chelation
process between these divalent metal ions and carboxyl groups of MUA
molecules. However, the assay lacks of selectivity between the metal ions. Same
problem is applicable for the other multiple metal ion colorimetric assays.

In this thesis, we describe a colorimetric sensor array that is capable of
discrimination of seven metal ions (Hg?*, Cd?*, Fe®*, Pb?*, AI**, Cu?*, and Cr®)
simultaneously with excellent selectivity. The colorimetric assay is based on metal
ion induced aggregation of MUA-capped AuNPs in the presence of different amino
acids (lysine, cysteine, histidine, tyrosine, and arginine). Amino acids were used
because they can bind AuNPs through their amino groups and also can form
complexes with metal ions through their carboxyl and amino groups
[7,17,138,139]. In addition, their side chains may also contain functional groups
that have affinity to both AUNPs and metal ions; for example mercapto group of
cysteine or second amino group of lysine. Accordingly, use of amino acids
provides the selectivity by interacting AUNPs and metal ions with many different
pathways. Each of the amino acids and MUA-capped AuNPsn forms a distinct
sensor element of the colorimetric array. We observed that presence of amino
acids could either enhance or diminish the metal induced aggregation.
Aggregation of AuNPs changes the color of nanoparticle solution from red to
purple or blue [13]. Therefore, by analyzing the combinatorial colorimetric
response (e.g., using hierarchical cluster analysis or simply by naked eye) of the
each sensor element, it is possible to discriminate all of the seven metal ions

tested in this study.
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4.2.1. Amino Acid Binding onto the MUA-capped AuNP Surface

The binding ability of amino acids onto the surface of MUA-capped AuNPs was
investigated using Raman spectroscopy and zeta potential measurements. In
order to obtain the Raman spectra, we incubated the AuNPs with amino acids for
approximately 15 min and washed the AuNPs several times in order to remove the
unbound amino acids. Then, we dried the solutions onto the glass substrates and
collected Raman spectra of AuNPs. The Raman peaks corresponding to the
organic groups [140] (e.g., —CH2— and —-COOH) increased significantly after
interacting the AuNPs with amino acids (Figure 4.12) indicating the amino acid

binding to the AuNP surface.

Glass substrate

I MUA capped AuNPs

0. V(CHy)
“ / z 8(CH,) ©(CHz) y(c-C),
| T
nh_ig,;‘u‘s,'.; \‘, / ‘/v(C—COOH)
.lrrh Nk:‘ﬁml | J‘.}‘!”.‘I\::';f-*J_:;..‘l.IJ‘ L | *

Figure 4.12. Raman Spectra of glass substrate and MUA capped AuNPs and
amino acid treated AuNPs which were dried on glass substrates.
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In addition, zeta potential measurements showed that after amino acid treatment
zeta potential of the AuNPs become more negative which also points out the
amino acid binding to the surface (Table 4.4). Amino acids can easily bind onto the

AUNP surfaces through their amino groups [141].

Table 4.4. Zeta potentials of MUA capped AuNPs before and after interacting with
different amino acids.

Sample Zeta potential (mV)
MUA capped AuNPs -12.3+2.0
Lysine + MUA capped AuNPs -14.1+2.2
Cysteine + MUA capped AuNPs -14.2+0.9
Histidine + MUA capped AuNPs -13.7+£0.6
Tyrosine + MUA capped AuNPs -16.2+1.2
Arginine + MUA capped AuNPs -16.0+1.4
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4.2.2. Sensing Mechanism

In the colorimetric assay, many different interactions between AuNPs, amino
acids, and metal ions are possible (Figure 4.13). The results of Raman
spectroscopy and Zeta potential measurements indicated that amino acids can
bind to the MUA-capped AuNP surfaces and form mixed ligand surfaces.
Accordingly, we considered that some of the amino acids attached to the surface
of AuNPs and some are free in the solution and we proposed the following

mechanisms.

@ -%e ) (0 oie )

o
MUA capped Metal Amino o e e
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Figure 4.13. Schematic Representation of Proposed Metal lons, Amino Acids, and
AuNP Interactions: (a) No interaction, (b) Metal lons Induce the Aggregation of
AuNPs, (c) Amino Acids Interact with Metal lons and Prevent Aggregation of
AuNPs; and (d) Metal lons and Amino Acids Co-Contribute the Aggregation of
AuNPs
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First of all, there may be no interaction with AUNPs and they are not aggregated
(Figure 4.13a). Note that in this scenario, there may be interaction between amino
acids and metal ions but in the both cases AuNPs well-dispersed in the solution. In
the second mechanism, metal ions can induce the aggregation of AuNPs (Figure
4.13b) and result in a color change. Here, presence of amino acids has no effect
on the colorimetric response. In the third scenario, amino acids can interact with
metal ions that normally aggregate AuNPs and prevent the aggregation (Figure
4.13c). Lastly, metal ions and amino acids can co-contribute the aggregation of
AuNPs (Figure 4.13d). Also, mechanisms related with amino acid induced
aggregation of AUNPs can be proposed. However, in our experimental conditions,
amino acids did not cause any aggregation of AUNPs in the absence of metal ions;
therefore mechanisms related with amino acid induced aggregation are not
applicable for our colorimetric array. In addition, structure of MUA-capped AuNPs
and some possible interactions between functional groups and metal ions were

demonstrated in Figure 4.14.

(a)

(b)

Figure 4.14. Structure of MUA capped AuNPs and some possible interaction
between metal ions and amino acid or MUA molecules.
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4.2.3. Colorimetric Sensing of Metal lons Using the Colorimetric Array

Figure 4.15 shows the response (i.e., extinction at 625 nm/525 nm; Exe2s/EXs25) Of
the colorimetric assay against seven metal ions (Hg?*, Cd?*, Fe3*, Pb?*, Al**, Cu?,
and Cr®') at different concentrations between 2 and 50 yM. The representative
UV-Vis spectra of AUNPs in the presence of Cd?* (20 uM) and lysine are given in
Figure 4.16. There was only a slight change in the UV-Vis spectra of AUNPs in the
presence only Cd?* and Exes2s/Exs2s value is almost same with the blank control. In
the presence of both lysine and Cd?*, on the other hand, absorption at around 625
nm increased, which indicates the aggregation of AuNPs [14] and accordingly
colorimetric response is increased significantly which can be also observed from
Figure 15. The aggregation of AuNPs was also investigated using TEM (Figure
4.17). In the absence of lysine and Cd?* AuNPs were well separated and
dispersed onto the TEM grid (Figure 4.17a); however in the presence of lysine and
Cd?* AuNPs aggregated and formed large clusters (Figure 4.17b). The average
particles size of AuUNPs was calculated to be 29.8 + 5.3 nm from TEM images
(Figure 4.17a).
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Figure 4.15. Effect of metal ion concentration (0-50 uM) on the response
(Exe25/Exs2s) of the colorimetric sensor array. (a) Hg?*, (b) Cd?*, (c) Fe®*, (d) Pb?*,
(e) APF*, (f) Cu?*, and (g) Cr3*.
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Figure 4.16. Representative UV-Vis spectra for AUNPs in the presence or absence
of metal ions and amino acids.

Figure 4.17. TEM images of well-dispersed as prepared MUA capped AuNPs (a)
and aggregated AuNPs in the presence of 20 uM of Cd?* and 200 uM of lysine.
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AUNP concentration in the assay is 0.1 nM (which was calculated according to a
previous report using the TEM size of particles [123]) and amino acid
concentration is 50 yM for cysteine and 200 uM for other amino acids. Amino acid
concentrations were selected to ensure no aggregation of AuNPs in the absence
of metal ions (Figures 4.18 and 4.19). We studied the effect of amino acid
concentration on the aggregation of AUNPs in the concentration range of 0 to 500
MM. It was observed that expect cysteine none of the amino acids cause significant
aggregation of AuNPs; Exes2s/Exs2s values remained almost unaffected. For
cysteine, on the other hand, a concentration-dependent aggregation and increase
in Exs2s/Exs2s value was observed. Nevertheless, up to a concentration of 100 yM
cysteine did not cause significant aggregation. Accordingly, we selected the amino
acid concentrations as 50 uM for cysteine and 200 yM for other amino acids
(Figure 4.18). In addition, we studied the stability of the amino acid (above
selected amino acid concentrations were used) added AuNP solutions for 1 h. No

aggregation was observed even after 1 h (Figure 4.19).
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Figure 4.18. Colorimetric response (Exes2s/Exs25) of AUNPs depending on amino
acid concentrations in the absence of metal ions.
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Figure 4.19. Time dependent colorimetric response (Exes2s/Exs25) of AUNPs in the
presence of amino acids at their concentrations used in the assay.

In addition, to investigate effect of salinity on the response of AuNPs, we added
different amounts of phosphate buffered saline (PBS) (pH 7.4, 10 mM) on to the
MUA-capped AuNPs. It was observed that above the final PBS concentration of 2
mM AuNPs aggregated and Exe2s/Exs2s values gradually increases with the
increasing PBS solution (Figure 4.20). Nevertheless, the assay can be used in
mild salinity conditions. Also, it is important to note that MUA-capped AuNPs were

stable at least for two months at 4 °C.
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Figure 4.20. Effect of salinity on the stability of MUA capped AuNPs.

All proposed mechanisms of AUNP aggregation can be observed from Figure 4.15.
For example, in the presence of lysine and 10 uM of Hg?*, the response of the
assay is similar to the blank (i.e., only AuNPs), which indicates that MUA-capped
AuNPs are not aggregated (proposed mechanism a). In the presence of 20 uM of
Cr3*, AuUNPs aggregate independent from the presence of cysteine, which can be
given as an example of mechanism b. In the presence of 20 uM Cu?*, AuNPs
aggregate; however, when tyrosine is in the solution, no aggregation is observed
and the response of the assay remains unchanged (proposed mechanism c).
Lastly, in the absence of arginine 10 uM Cd?* does not interact with MUA-capped
AuNPs, whereas the aggregation is observed if arginine was added (proposed

mechanism d).

The colorimetric sensor array enables naked eye discrimination of the seven metal
ions. For instance, Figure 4.21 shows a representative photograph of the
colorimetric array response against 20 uM of metal ions. As it can be clearly seen
from the photograph each of the metal ions produce different color pattern. We

observed that some metal ions produce more colorimetric response (i.e., changing
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the original red color of AUNPs in more channels) than others. For example, Pb2*
and Cr¥* promoted aggregation at five of the six channels; on the other hand
addition of AI** produced slight color change at only one of the channels. In
addition, we tested nine more metal ions (Ag*, Ca?*, Zn?*, Co?*, Ni?*, Sr?*, K*, Na*,
and Fe?*) and their mixtures with the assay. We observed that none of these metal
ions produce significant color change (i.e., response) in any channel (Figure 4.22).
It is important to note that, the response of the assay against the same metal ion
with different valence numbers is different. For example, for ferric ions; Fe3*
produced colorimetric response in three channels of the assay (Figure 4.21),
whereas, ferrous ions, Fe?* did not produce any response (Figure 4.22). This result
indicate that the colorimetric assay can be also used for discriminate the metal

ions with different valence numbers.
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Figure 4.21. (a) Representative photograph of the colorimetric sensor array
response against 20 uM of metal ions. (b) Blue-scale representation of the
colorimetric sensor array response. White corresponds to no aggregation and blue
corresponds to aggregation of AUNPs.
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Figure 4.22. Representative photograph of the colorimetric sensor array response
against (a) 20 uM of 9 nonresponsive metal ions with the assay (b) mixture of all
metal ions.

The different affinity of the metal ions with the colorimetric sensor array can be
explained with the difference in chelate formation capability of metal ions with
carboxyl groups of MUA molecules and functional groups (amino, carboxyl, thiol
etc.) of amino acids [142]. The colorimetric response of the array against metal
ions in Figure 4.21a can be also expressed as color mapping using simple
software for clearer representation. Figure 4.21b shows blue-scale color map of
averaged response from three separate measurements of the array against 20 yM
of each metal ion. The color map demonstrates the excellent discrimination among

all tested metal ions.

To demonstrate reproducibility of the colorimetric sensor array response, a HCA
was performed using the Euclidean algorithm [143,144]. Figure 4.23 shows the
results of HCA analysis of the array response against metal ions at different
concentrations for three separate experiments. The dendrogram demonstrates that
at high metal ion concentrations (20 and 50 uM) all of the metal ions can be
successfully identified without a mistake for all of the three separate experiments
indicating the good reproducibility of the colorimetric sensor array. At low
concentrations (2 and 10 uM), on the other hand, response of some metal ions
interfere with each other; at 2 yM, only 2 of 7 metal ions, and at 10 uyM, 4 of 7
metal ions can be identified.
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Figure 4.23. Hierarchical cluster analysis of colorimetric sensor array of seven
different metal ions at different metal ion concentrations: (a) at 2 uM, (b) at 10 uM,
(c) at 20 puM, and (d) at 50 puM.

In addition, we performed HCA analysis for the averaged response of all

concentrations between 2 yM and 50 yM (using the data represented in Figure

4.15). There is good discrimination between most of the tested solutions especially

at high metal ion concentrations (Figure 4.24). At low concentrations (2 and 10

uM) of weakly responsive metal ions (e.g., Hg?*, Fe?* and Cu?*), discrimination

(e.g., difference from the response of blank) is not very clear. Nevertheless, the

colorimetric sensor array can identify most of the cases depending on the metal

ion concentration and responsivity.
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Analyte# | Metal ion Analyte# | Metal ion Analyte# Metal ion
1 Blank 1 Cd?* (10 uM) 21 Cu?* (20 uM)
2 Hg?* (2 uM) 12 Fe* (10 uM) 22 Cr¥* (20 pM)
3 Cd?2* (2 uM) 13 Pb2* (10 uM) 23 Hg2* (50 pM)
4 Fe¥ (2 uM) 14 AP (10 upM) 24 Cd?* (50 uM)
5 Pb2* (2 M) 15 Cu2* (10 uM) 25 Fe3* (50 uM)
6 AR (2 uM) 16 Cr¥* (10 uM) 26 Pb?* (50 uM)
7 Cu2* (2 uM) 17 Hg?" (20 uM) | 27 AlP* (50 pM)
8 Cr3* (2 uM) 18 Cd?* (20 uM) 28 Cu?* (50 uM)
9 Hg?* (10 uM) | 19 Fe3* (20 uM) 29 Cr3* (50 uM)
10 Cd2* (10 uM) | 20 Pb2* (20 uM)

Figure 4.24. (a) Dendrogram showing the discrimination between all the tested
metal ions at different concentrations. (b) Table listing the names and
concentrations of analytes in (a).

4.2.4. Simultaneous Sensing of Multiple Metal lons

Lastly, we tested binary and ternary mixtures of three metal ions (Hg?*, Cd?*, Fe3*)
with the colorimetric assay. The assay successfully discriminate the all
combinations (Figure 4.25). One can expect that in the presence of two metal ions
the response of the colorimetric assay should be the addition of their responses

with the assay. Although this is true for most of the cases, we observed that for
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some cases it is more complicated (Figure 4.25a). For example, when there was
only Cd?* present in the assay, color change in the lysine channel was observed.
Interestingly, presence of Hg?* prevents the colorimetric response of Cd?* in this
channel. Whereas, presence of Fe3* has no effect on the colorimetric response of
Cd?* in the lysine channel.

O8 Q‘?’ Qg c)g
(a) N LR - S
§ ¢ § 8¢ 4
Hg2+ Cd2* Fed* Ne \z\Q (SR e Q

No A. A.

Lys

Cys

His

Tyr

Arg

(b)

Cd?* + Fe™

Cd?*

Fe®*

Blank

Hg?* + Cd?*
+ Fe’*

Hg?* + Fe®*
Hg?* + Cd?*
Hg?

L 1

0 0.2 0.4 0‘.6 0i8 1 12
Euclidean distance

Figure 4.25. Colorimetric response of the colorimetric array against Hg?*, Cd?* and
Fe3* ions (20 M) and their binary and ternary mixtures. (a) Representative
photograph and (b) Hierarchical cluster analysis.
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5. CONCLUSIONS

In conclusion, we demonstrated two different AuNP-based colorimetric sensors for
detection of toxic heavy metal ion contaminated water. First, we prepared and
characterized the AuNPs. Then, if needed, we modified their surfaces with proper
ligands and designed the sensors. Finally, we investigated the performance of
sensors in terms of sensitivity, selectivity, reliability and repeatability and we

applied them to real-samples.

In the first project, we have developed a simple, rapid, and very sensitive
colorimetric assay for Hg?* ion detection in drinking water, which utilizes lysine as
an aggregation promoter of AuNPs. The assay uses common citrate-capped
AuNPs without the need for tedious surface modification steps (e.g., DNA
oligomers and peptides), which makes the sensor practical and cost-effective. The
detection limit of the colorimetric assay is around 2.9 nM, which is below the limit
(10 nM) defined by the EPA in drinkable water. The assay response is highly linear
in a wide concentration range (1 nM to 1000 nM) for experiments performed using
either tap or distilled water. Also, selectivity of the sensor was demonstrated in the
presence of several other heavy metal ions at high concentrations (50 pM). In
addition, the response of the colorimetric assay is very fast, and all analyses can
be completed within a few minutes. Furthermore, the cost of one test performed
using our colorimetric assay is very low (around 0.5 cent), which is calculated
based on reagent prices. Because of its simplicity, excellent sensitivity, and
selectivity, our colorimetric assay is advantageous over several metal

nanoparticle-based methods (Table 4.1) and feasible for practical applications.

In the second project, we have demonstrated a colorimetric sensor array that can
simultaneously detect and identify several heavy metal ions (Hg?*, Cd?*, Fe®",
Pb2*, AI**, Cu?*, and Cr®) in aqueous media, to our knowledge for the first time.
The colorimetric sensor array utilizes MUA-capped AuNPs and amino acids. In the
absence of amino acids MUA-capped AuNPs are aggregated by most of the
studied metal ions. The presence of amino acids (lysine, cysteine, histidine,
tyrosine, and arginine) either enhances or prevents the aggregation of the MUA-
capped AuNPs. The possible mechanisms of aggregation/colloidal stability were
discussed. By analyzing the combinatorial response of the array components (i.e.,
each AuNP and amino acid couple), all of the tested metal ions can be
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discriminated in a broad concentration range. This concentration range is highly
dependent to the responsivity (i.e., ability to induce aggregation of AUNPs) of the
metal ions. For example, highly responsive Pb?* ions can be identified between 2
and 50 uM; on the other hand, weakly responsive Fe3* ions can be identified at the
concentrations above 10 uM. In addition, the response of the colorimetric sensor
array is highly reproducible; it discriminated all tested metal ions for three separate
experiments without a mistake at the metal ion concentration of 20 uM. Although
the reached sensitivity (low uM level) using MUA-capped AuNPs does not satisfy
the needed detection limit (around low nM level) for real-world applications, it is
possible to design colorimetric arrays for metal ion detection from real samples
using simply metal nanopatrticles that are capped with different ligands (peptides,
aptamers, citrate, etc.) according to the general method described in this study. In
addition, we believe that the introduced straightforward colorimetric detection
method can be easily adopted to other metal ions and as well as other chemical

sensing platforms including proteins, peptides sugars, and organic contaminants.
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