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Abstract 

 Both naturally occurring and synthetic small molecules play a significant role in a 

variety of applications. For example, small molecule food contaminants that occur in-

field or postharvest are of importance, both agriculturally and economically. Mycotoxins 

are toxic secondary metabolites produced by filamentous fungi that can potentially 

contaminate a variety of foodstuffs. Detection of these small molecules is required as 

mycotoxins pose multiple health-risks and proceed past processing and food safety. 

Current detection methods are expensive, time consuming and unavailable for on-site 

detection leaving an unmet need for alternative methods of detection.  

Aptamers are single stranded oligonucleotides that can bind to specific target 

molecules with high selectivity and affinity. Emerging as molecular recognition agents, 

aptamers can be used in a number of novel detection methods for small molecule 

quantification and analysis. Aptamers are selected through an in vitro process known as 

Systematic Evolution of Ligands by Exponential Enrichment (SELEX). Aptamers can be 

adsorbed onto the surface of citrate-capped AuNPs to serve as the molecular recognition 

element of a rapid colourimetric biosensor assay. Based on this interaction, AuNPs could 

potentially serve as a novel platform for small molecule SELEX. Although molecular 

recognition of small molecules is of great interest, selection of aptamers for small 

molecules has proven to be a challenge. Furthermore, not all of these reported small 

molecule aptamers can be easily incorporated in the AuNP bioassay. Selecting for 

aptamers in a manner that will mimic established AuNP biosensor conditions provides a 

number of advantages compared to traditional SELEX. As a first step towards 

establishing a AuNP SELEX platform, we evaluated the partitioning of mycotoxin 
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aptamers that remain on the AuNP surface from aptamers-target complexes in solution. 

Having uncovered several challenges associated with AuNPs as a SELEX partitioning 

strategy, we next synthesized, optimized, and characterized core-shell gold coated 

magnetic nanoparticles (Fe3O4-AuNPs), which were phase-transferred aqueous solution. 

We demonstrated that Fe3O4-AuNPs could function as an improved AuNP SELEX 

platform and provide a novel method to study ssDNA aptamer-AuNP non-specific 

interactions. Finally, our studies on the adsorption and separation of ssDNA aptamers 

using Fe3O4-AuNPs highlight future opportunities for novel aptamer biomedical 

applications and other biosensor development.     
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Chapter 1: Introduction 

 

1.1 Small molecule targets  

 Small molecule targets are chemical compounds (< 900 Da) that require detection. 

There has been a growing demand for the detection of various small molecule targets 

including; toxins, antibiotics, drugs, heavy metals, etc.1 These small molecule targets play 

an important role in a number of biological and chemical processes. Given their 

importance in agriculture, medicine and the environment, the detection and quantification 

of these small molecules is of great interest.2 From a medical standpoint, both harmful 

and beneficial small molecules are able to diffuse across cell membranes.3 Similarly, 

small molecule food contaminants that occur in-field or postharvest are detrimental both 

agriculturally and economically. However, small molecules can also play a helpful role in 

agriculture, serving as pesticides or by offering opportunities for energy storage.4 

Although detection of small molecules is challenging compared to other target types, 

their impact cannot be ignored.2   

 

1.1.1 Mycotoxins: An example small molecule target  

 Mycotoxins are secondary metabolites produced by filamentous fungi, primarily 

Aspergillus, Penicillium, Alternaria, Fusarium and Claviceps genera.5 In 1962, thousands 

of turkey poults died in England after the consumption of imported peanuts from Brazil 

and Africa. This mass fatality of livestock was investigated and ingestion of a secondary 

metabolite produced by Aspergillus flavus within the imported food product was found as 

the cause of death.6 Detection of these small molecules is required as mycotoxins can 
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contaminate a variety of foodstuffs, are stable past the food processing, and pose multiple 

health-risks.6  

 The adverse health effects associated with each mycotoxin must be considered 

when attempting to understand its toxicity and regulation. However, mycotoxin exposure 

and its effects in humans are not as well studied or understood in comparison to an 

animal model. Depending on the mycotoxin, research suggests that exposure (ingestion, 

absorption or inhalation) may lead to possible carcinogenic, mutagenic, estrogenic, 

hemorrhagic, nephrotoxic, teratogenic, hepatotoxic, neurotoxic and/or 

immunosuppressive effects.7 These effects often depend upon the extent and length of 

exposure.  

 Mycotoxins are more commonly found in hot and humid climates that favour the 

growth of the secondary metabolite-producing fungi. However, mycotoxins have been 

found in temperate conditions as well.8,9 This is because each fungal species has its own 

optimal growing conditions. Therefore, different climates can favour the production of 

certain mycotoxins. Improper harvest, storage and handling can mistakenly provide these 

conditions, resulting in the growth of various fungal species.6 These conditions also 

favour the growth of various foodstuffs, which results in the association of specific 

mycotoxins with certain food products. Although human exposure is largely due to 

consumption of contaminated plant products, derived food products such as milk, cheese 

or other animal products can be a source of contamination.6 In general, mycotoxins are 

found to contaminate a variety of foodstuffs including wheat and other grains, fruit/dried 

fruit, coffee, wine and nuts. Although the effects of mycotoxins on humans are not 

completely understood, many countries have developed strict regulations for food and 
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feed to control contamination.6 The following table summarizes known mycotoxins into 6 

main categories7; Aflatoxins, Fumonisins, Ochratoxins, Patulin, Trichothecenes, and 

Zearalenone (Table 1.1). The chemical structure, the fungal species responsible9, 

contaminated food product(s)6, potential health effects5, and a EU regulation limit range 

in food10 of each mycotoxin group is described.  

 

Table 1.1 Categories of mycotoxins with an example chemical structure, the producing species, 

contaminated food products, possible adverse health effects and regulation.  
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1.1.1.1 Current detection methods   

 As mycotoxins pose various adverse health effects, the detection of these small 

molecules food contaminants is of global interest. However, many factors present 

challenges for reliable mycotoxin detection and regulation. In some cases, contamination 

does not result in physical damage to the crop or contaminate the crop in a homogenous 

manner.11 For example, one area of a crop may be affected while another area is not 

contaminated, thus a large sample weighing approximately 5-10 lbs must be collected 

and tested.12 Methods such as thin layer chromatography (TLC), enzyme-linked 

immunosorbent assay (ELISA), high performance liquid chromatography (HPLC) with 

fluorescence (FLD), diode array detector (DAD) and liquid chromatography mass 

spectrometry (LC-MS) have been used to detect mycotoxins.13 Although sensitive and 

reliable, these methods present a number of limitations. LC-MS and HPLC-MS/MS are 

very expensive and time consuming as these methods require transportation of the sample 

to a laboratory, expensive equipment, and a knowledgeable laboratory technician.14 

ELISA has been reported as an alternative detection method, however the high 

occurrence of false positives or false negative results can make the method unreliable.15 

Furthermore, antibodies are included in ELISA as the molecular recognition agent of the 

assay.13 Therefore, the limitations associated with antibodies (section 1.2) become 

limitations of ELISA as a detection method.   
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1.2 Aptamers  

 Aptamers are single stranded deoxyribonucleic acid (DNA) or ribonucleic acid 

(RNA) molecules that can bind to specific target molecules with high selectivity and 

affinity. Aptamers are selected through an in vitro process known as Systematic 

Evolution of Ligands by Exponential Enrichment (SELEX) (discussed further in section 

1.2.1).16 Aptamers can be used in a number of novel detection methods for small 

molecule quantification and analysis and have been reported to detect a wide range of 

target molecules, ranging from whole cells and viruses to small molecules.17–19 The 

single-stranded DNA or RNA molecules can fold into three-dimensional structures 

including hairpins, stems, loops, triplexes and quadruplexes.2 For example, many 

published aptamers fold into a G-quadruplex aptamer conformation to bind to the target 

molecule.20–22 The aptamer can interact with a specific target molecule through hydrogen 

bonding, electrostatic interactions, π- bond stacking and the hydrophobic effect.19  

 Aptamers have been referred to as ‘chemical antibodies’. This is because 

aptamers are similar in function to antibodies, but are chemically synthesized in vitro. In 

comparison to antibodies, which are obtained using an in vivo process, aptamers provide 

a number of advantages over their counterparts. Since aptamers are chemically 

synthesized, their production is less expensive. Aptamers can be chemically labeled with 

a number of different modifications, providing opportunities in sensing and imaging. In 

comparison to antibodies, aptamers are more chemically stable with longer shelf lives, 

withstanding greater changes in pH and temperature. Although antibodies have long been 

the gold standard for molecular recognition and sensing, aptamers are emerging as a new, 

advantageous alternative.2,23–25     
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1.2.1 Systematic Evolution of Ligands by EXponential enrichment (SELEX) 

 Aptamers are selected through an in vitro process known as Systematic Evolution 

of Ligands by EXponential enrichment (SELEX). Although in vitro evolution was first 

reported in the 1960s, the potential of this process was not realized until modern 

biotechnological advances.26 Fairly recently, in 1990, a number of research groups 

reported the use of in vitro evolution to select functional nucleic acids.27 Tuerk and Gold 

called this process ‘SELEX’, while Ellington and Szostak named the selected functional 

nucleic acids ‘Aptamers’.16,28 In general, the SELEX process involves adsorption, 

partitioning, recovery and amplification of the selected sequences (Figure 1.1). Starting 

with an initial library of 1013- 1015 different sequences, this process is repeated multiple 

times.29 Typically, a SELEX library is made up of 30-80 nucleotide bases that are flanked 

by primer binding sites used for amplification through polymerase chain reaction 

(PCR).30 The initial library is introduced to the target molecule (often tethered to a solid 

support) and washing steps are used to ensure the removal of non-functional sequences. 

Since the interactions between the nucleic acids and the target molecule are non-covalent, 

mild conditions can be used to elute the binding sequences.19 These select nucleic acid 

sequences are amplified with PCR and used as the pool for subsequent selection. Each 

cycle is referred to as a SELEX round. Approximately 5-15 SELEX rounds yield a 

reduced number of sequences with affinity for the target molecule.31 To select aptamer 

sequences that bind specifically to the target molecule, a negative and counter selection 

are employed. The selected sequences are introduced to the solid support matrix, other 

competing target molecules or other molecules in a sample matrix. To improve 
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specificity, sequences with an affinity for the negative or counter control are removed 

from the pool.32   

 

 

Figure 1.1 The Systematic Evolution of Ligands by EXponential enrichment (SELEX) process. 

Starting with a DNA library, the sequences are incubated with target (yellow star). Selected 

sequences with affinity for the target (green and blue ribbons) are separated from non-binding 

sequences (red and grey ribbons). The binding sequences are eluted from the target molecule and 

amplified through polymerase chain reaction (PCR). These sequences are the enriched DNA library 

for the next selection round. 

 

1.2.1.1 Current SELEX modifications and partitioning methods 

 The previously described SELEX process has been modified to yield a number of 

SELEX variations to improve selected aptamers or simplify the process. Generic SELEX 

refers to methods that do not require any additional equipment or modifications to the 
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original SELEX process, whereas the other categories are some variation of this general 

process.16,28,33,34 Changes to the nucleic acid library35–38, target immobilization39,40, 

selection stringency32, amplification, and monitoring enrichment40 have been reported. In 

addition, the SELEX process has been automated.41–43 As an example, FluMag-SELEX 

immobilizes the target to a magnetic bead for partitioning and sequences are fluorescein 

labeled to monitor amplification.40 More recently, capture SELEX is advantageous as the 

small molecule target can be free in solution. Complementarity between the primer 

region and the capture probe allow for immobilization of the DNA library before target 

incubation.44 All adaptions aim to generate improved aptamers or simplify the SELEX 

process.2 

 SELEX requires a reliable partitioning method to separate the sequences that bind 

the target molecule from the non-binding sequences. For example, FluMag-SELEX 

works by immobilizing a target molecule on the surface of a magnetic bead.40 This 

method would be suitable for a small molecule target, however a virus or whole cell 

would be considered inappropriate. Modifications to the SELEX partitioning step must 

consider the target type. Specifically these modifications aim to model future application 

conditions, or attempt to increase specificity (reducing non-specific binding, etc) of the 

selected sequences.  The following table outlines and describes the various partitioning 

methods to date (Table 1.2).45 
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Table 1.2 List of described SELEX partitioning methods 

Partitioning Method  Description  

Affinity chromatography 
A solid support matrix (e.g.: column chromatography) is used to 
separate binding sequences from sequences without affinity for 
the target  

Affinity chromatography 
(Magnetic Beads) 

A sub-category of affinity chromatography. Functionalized 
magnetic beads serve as the solid support matrix during 
selection. The target molecule is immobilized to the bead 
surface. By physical magnetic separation, the binding sequences 
are separated from non-binding sequences which are left in the 
supernatant solution.  

Capillary electrophoresis  Electrokinetic separation of binding sequences  

Cell washing  
Through a washing step, the non-binding sequences are 
removed from the cell and separated from binding sequences 

Centrifugation  
Non-binding sequences can be separated via centrifugation from 
aptamer-target complexes based on a difference in weight  

Filtration  

The size difference between an aptamer-target complex and 
non-binding aptamer sequences allows for filtration. 
Alternatively, affinity of the target for the filter itself can 
separate non-binding sequences  

Gel electrophoresis  
A difference in size results in a difference in gel migration, 
allowing the non-binding sequences to be separated from the 
aptamer-target complex  

Not required  A SELEX that does not require a separation technique  
  

 These partitioning methods all aim to separate the sequences with affinity for the 

target molecule from non-binding sequences. Some modified partitioning methods have 

shown general improvements. For example, affinity chromatography using magnetic 

beads reduces non-specific binding with the solid support matrix due to the highly cross-

linked coating.32 However, most of these developed separation methods are advantageous 

for specific targets and conditions.45 Importantly, the affinity of selected aptamers can be 

influenced by the selection process. Therefore, the end use and application of the selected 

aptamer needs to be considered when choosing a SELEX method and partitioning 
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technique. For example, affinity chromatography requires that the target be immobilized 

to a solid support matrix and does not reflect binding in solution.2,24,32 This is a practical 

example of why the selection process should mimic the further testing conditions or 

application of the selected sequence.   

 

1.2.1.2 Challenges and opportunities for small molecule aptamer selection  

 In comparison to proteins, selecting aptamers for small molecule targets is a 

challenging task. This is evident when considering the number of aptamers for other 

target types in comparison to aptamers selected for small molecule targets. Specifically, 

only 25% of all aptamers selected between 1990 and 2013 are for small molecule targets 

(Figure 1.2).45  

 

Figure 1.2 Percentage of aptamers selected for various target types 

  

 Carothers and co-workers confirmed that the affinity of an aptamer for its target 

molecule is inversely proportional to the size of the target.46,47 Although the size of the 
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target influences aptamer affinity, there have been several aptamers selected for small 

molecule targets with Kd values in the low nanomolar range.48 Target immobilization, 

partitioning and binding affinity measurements are technical challenges for small 

molecule SELEX.2 An unaltered form of the target molecule is ideal for selection. For 

this reason, partitioning methods that do not require target immobilization are 

advantageous. However, methods that rely on a dramatic change in the size of the 

aptamer-target complex are not usually possible for small molecule targets due to their 

size.2 Immobilization of the target molecule results in fewer available functional groups 

and an increase in non-specific binding to the solid support matrix.2,49 

 

1.2.2 Assay dependent differences in small molecule aptamer evaluations  

 To assess the affinity of an aptamer for its target molecule, the equilibrium 

between the individual components (aptamer and target) and the formed aptamer-target 

conjugate (complex) must be considered. The described equilibrium is as follows:  

 𝐴𝑝𝑡𝑎𝑚𝑒𝑟 + 𝑇𝑎𝑟𝑔𝑒𝑡 ⇌ 𝐶𝑜𝑚𝑝𝑙𝑒𝑥 Equation 1 

The dissociation constant (Kd) is the equilibrium constant in the reverse reaction. The Kd 

measures the larger complex’s tendency to separate or dissociate reversibly into 

individual components. The Kd can be calculated by the concentration of the products 

over the concentration of the reagents: 

 
𝐾𝑑 =

[𝐴𝑝𝑡𝑎𝑚𝑒𝑟][𝑇𝑎𝑟𝑔𝑒𝑡]

[𝐶𝑜𝑚𝑝𝑙𝑒𝑥]
 

Equation 2 
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Therefore, the Kd is inversely proportional to the affinity of the aptamer for the target 

molecule. Since this value is an equilibrium constant, the Kd can also be described as a 

ratio between the forward and reverse reaction rates:  

 
𝐾𝑑 =

𝑘𝑜𝑓𝑓

𝑘𝑜𝑛
 

Equation 3 

 Therefore, the Kd is measured to determine the affinity of the aptamer for its 

target molecule. Apparent Kd values can be experimentally calculated using various 

methods based on conformational changes, fluorescence/absorbance, mass-sensitive 

surface detection, separation or other techniques. As previously mentioned, the binding of 

an aptamer to a small molecule target does not result in a large change in mass. 

Therefore, methods such as SPR, atomic force microscopy, or equilibrium dialysis are 

made difficult for small molecule targets.2 Often, small molecule target binding affinity 

methods require either immobilization of the target or aptamer in solution (magnetic bead 

assay), or fluorescence of the target molecule (fluorescence polarization).2 

  Recently, our research suggests that the experimental Kd value is dependent on 

the method of analysis and binding conditions.50 Furthermore, differences in the binding 

and selection conditions of a specific aptamer influence binding and the apparent Kd of 

the sequence. Our work compares the apparent Kd values determined via various binding 

affinity methods. These inconsistencies are summarized for each of the seven OTA 

aptamers. Specifically, only some of the aptamers found to have an affinity for the target 

molecule are able to detect OTA via a AuNP assay (assay described further in section 

2.1.3)  (Table 1.3).50  
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Table 1.3 Characterization of ochratoxin A (OTA) aptamers through various quantitative and 

qualitative binding affinity methods 

OTA 

aptamer  

KD values (nM) 

Qual. 

binding 

Equilibrium 

dialysis  

Ultra-

filtration  

Affinity 

chrom. 

Flu. 

Polarization  

SPR  

DNAse 

assay  

SYBR 

Green 

AuNP 

assay  

1.12.2  287±56 255±89 374 ± 255 125±23 163±15 NB 146±43 Yes  

T22 160 ± 21  250 ± 49 n/a 77 ± 9 63 ± 12 n/a 31 ± 9 Yes 

A08 NB NB 286 ± 149 NB NB 200±155 108±61 Yes  

A08m n/a n/a 406 ± 166 n/a NB NB 169±52 Yes  

B08 n/a n/a 114 ± 49 n/a NB 670±330 17±5 No 

H8 NB NB 29 ± 16 NB NB 54±23 NB No 

H12 NB NB 40 ± 14 NB NB 270±201 NB No 

 

 Similarly, studying the binding of these aptamers to OTA through various in-

solution binding parameter, we are able to recommend which sequences are best suited 

for these solution-based assays and applications.51 Interestingly, 1.12.2, A08, A08m H8 

and H12 obtain similar binding affinities, yet H8 and H12 did not respond in the AuNP 

assay or SYBR Green (SG) assay. Confirmed with ultrafiltration and equilibrium 

dialysis, H8 and H12 were considered unsuited for in-solution assays.51 
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1.3 Aptamer-based gold nanoparticle biosensors  

   Nanoparticles have gained significant interest with a notable increase in 

nanoparticle biosensor research. The unique physiochemical properties and high surface 

area to volume ratio of nanoparticles are useful elements for many sensor 

applications.52,53 Among these, gold nanoparticles (AuNPs) are commonly used due to 

their interesting and tunable optical properties.54 The stability and biocompatibility of 

AuNPs provide an attractive and versatile platform for various biosensing 

applications.52,54 AuNPs have conductive properties and, depending on size, can quench 

fluorescence.52,55 This makes AuNPs attractive as an electrochemical56 or fluorescent-

based57–59 biosensor platform. The properties of AuNP are not only used for sensing 

purposes, but are also used for drug delivery, diagnostic and photothermal 

applications.54,60 Sensing with AuNPs is divided into the following categories: 

colourimetric, fluorescent-based, electrical and electrochemical, and AuNP-based surface 

plasmon resonance (SPR) sensors.53 As one example, the optical properties of AuNPs 

allow naked eye colourimetric detection. Salt-induced AuNP aggregation results in a 

colour change from wine-red to blue, which can be used in signal detection.61 

 Aptamers can be incorporated into a AuNP-based sensor as the molecular 

recognition element. Thiol modified aptamers can be covalently bound to AuNPs62,63 

through the thiol sulfur and gold surface, or unmodified aptamers can be adsorbed64–67 

onto the surface of the nanoparticle. Based on the covalent or non-specific interaction 

between aptamers and AuNPs, a number of different aptamer based AuNP sensors have 

been developed for a variety of targets, including small molecules.57,58,67–74  
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1.3.1 On-site lateral flow device (LFD)  

 A lateral flow device (LFD) is a AuNP-based sensor that can easily and quickly 

detect a target molecule in solution. Functionally similar to a pregnancy test, this LFD is 

easy-to-use, inexpensive and quick. This device, like other immunochromatographic 

devices, relies on the migration of the sensing conjugate along the membrane. The LFD is 

made up of four components: the wicking pad, the conjugation pad, the nitrocellulose 

membrane and the adsorption pad. The buffer or solvent is added to the wicking pad, 

which commences migration. The conjugation pad is made of a glass fiber and contains 

the labeled recognition probes. Migration of the solvent occurs over the nitrocellulose 

pad, where there is a control and test line applied. In our developed LFD, the control line 

is made up of poly(diallyldimethylammonium chloride) (PDDA) and the test like is 

composed of streptavidin. Finally, in terms of the solvent front, there is an absorption 

pad, which acts as a ‘basin’ at the end of the device. Single-stranded DNA aptamers can 

be adsorbed onto the surface of AuNPs (Section 2.1.3). These aptamers are modified with 

biotin on the 5’ end of the sequence. The control line (made of PDDA) is positively 

charged and is capable to stopping particles that pass the test line. The test line contains 

streptavidin, which will interact with the biotin modification of the ssDNA aptamer. 

Based on these interactions, the detection of a target in solution is made possible. The 

solution being tested is added to the wicking pad. If the solution is contaminated with the 

target molecule of interest, the aptamer will leave the AuNP surface and preferentially 

bind the target molecule.  Therefore, when target is present, the aptamer will be displaced 

from the AuNP surface and leads to the loss of AuNPs at the test line. This is easily 

observed as there is a disappearance of the characteristic wine- red colour spot at the test 
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line. This mechanism is used to signal target detection in an easy-to-use, colourimetric 

LFD.75 For example, it is reported that OTA and AFB1 can be detected with an aptamer-

based LFD.76,77 Figure 1.3 illustrates this biosensor and its mechanism.  

 

 

Figure 1.3 Illustration of the gold nanoparticle (AuNP) based lateral flow device (LFD) process. To 

begin, biotin labeled aptamers (black line with organic diamond) are adsorbed onto the AuNP (red 

circle). The control line is made up of PDDA polymer (blue line) and the test line is made up of 

streptavidin (green triangle). When target (yellow star) is present in solution, the AuNP is displaced 

when the aptamer binds its target (A) and only one red spot is seen. Without target (yellow star), the 

aptamer remains on the AuNP surface (B), leading to two red spots on the LFD.   
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1.3.2 Current challenges with aptamer-based gold nanoparticle assays 

 Considering the vast opportunities of aptamer based AuNP sensors, it is of 

interest to address their current challenges. The interaction between aptamers and AuNPs 

is required to develop a sensing platform.64–67 However, this interaction cannot be 

stronger than the interaction within the aptamer-target complex as the sensor relies upon 

the aptamer leaving the AuNP surface to preferentially bind its target molecule in 

solution. As the interaction between the aptamer and the AuNP is non-covalent, the 

relative strength of this interaction relative to the interaction within the aptamer-target 

complex determines the success of the sensor. The sequence and length of an aptamer can 

influence the interaction between the aptamer and AuNP surface. Similarly, the affinity 

of the aptamer for its target can vary depending on the binding conditions.50,51 In a 

collaborative study, our research group reported that not all aptamers with affinity for a 

small molecule target (OTA) were capable of detecting the target through the AuNP 

assay. Optimization of the sensor parameters is often required when applying the sensor 

platform to a new aptamer sequence and target molecule. For each target and aptamer, the 

conditions (including reaction time and the concentration of aptamer, target and salt) vary 

significantly. In some cases, the selected aptamer is unable to function as the molecular 

recognition element in the AuNP biosensor altogether.50 Therefore, although this 

alternative method of detection offers a number of advantages, these inconsistences limit 

the versatility of the sensor. Other challenges may arise from an interaction between the 

target molecule itself and the AuNP platform. Since the mechanism of the sensor is 

designed to use the target molecule in solution to remove the aptamer from the AuNP 

surface, an interaction between the target and the AuNP is unfavorable.19,50 These 
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limitations hinder the versatility and reliability of the sensor. Future development of the 

AuNP sensor should focus on overcoming these challenges and selecting aptamers with 

these future binding conditions in mind.  

 

1.4 A novel SELEX approach  

 As previously mentioned, SELEX can be modified to improve aptamer 

selection.16,28,33–44 Selecting for aptamers in a manner that will mimic established AuNP 

biosensor conditions provides a number of advantages compared to traditional SELEX.50 

As the molecular recognition element of the developed AuNP sensor, the selected 

aptamers will have affinity for the target under these specific testing conditions. Using 

AuNPs as a SELEX platform will generate sequences that can be removed from the 

AuNP surface when target is introduced. This selection process will eliminate sequences 

that do not adsorb onto the AuNP surface before target introduction, as well as partition 

sequences without affinity for the target molecule. Therefore, AuNP SELEX functions as 

a multi-purpose selection process by generating sequences that adsorb onto the AuNP 

surface but leave this surface when the target molecule is present.  

 In this novel SELEX approach, AuNPs are incorporated as the solid support 

matrix or platform during selection. The initial library of sequences is adsorbed onto the 

AuNP surface. This ssDNA-AuNP complex is isolated from the sequences that did not 

adsorb onto the AuNPs. We hypothesize that target incubation will result in the removal 

of sequences surface with affinity for the target from the AuNP surface. In solution, these 

binding sequences can be separated from the sequences that remain on the AuNP surface. 

Eluted from the target molecule, the selected sequences can be amplified through PCR 
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amplification and used as the pool for the next SELEX round. After a number of rounds, 

sequences with affinity for the target molecule under these conditions will be selected. 

Figure 1.4 illustrates the developed mechanism. The developed SELEX method can 

potentially address previously mentioned limitations of the aptamer based AuNP sensor 

and ensure that the selected aptamer can be used as the molecular recognition element of 

this assay.   

 

 

Figure 1.4 Gold nanoparticle (AuNP) based Systematic Evolution of Ligands by Exponential 

enrichment (SELEX) process. The initial library is adsorbed onto the AuNP surface. After target 

(yellow star) incubation, the binding sequences (blue and green ribbons) are partitioned from the 

non-binding sequences (red and black ribbons) left on the AuNP surface. The selected sequences are 

eluted from the target and amplified through PCR amplification. These amplified sequences are the 

pool of the next SELEX round.  
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1.5 Thesis Objective  

 In this study, we aim to investigate AuNPs as a platform for small molecule 

SELEX and outline the possible challenges and opportunities of this method. First, 

various partitioning methods will be compared and optimized for our AuNP SELEX 

application. Second, the capacity of AuNPs for adsorbed ssDNA aptamers will be 

considered for these partitioning methods. Finally, the developed method will be tested 

through a proof-of-concept SELEX experiment to determine the specificity and overall 

potential of the developed method.   
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Chapter 2: Investigating gold nanoparticles as a platform for small 

molecule SELEX  

 

2.1 Introduction  

2.1.1 Centrifugation as a partitioning method for AuNP-based SELEX  

 Centrifugation is one possible SELEX partitioning method, which relies upon a 

difference in mass/density between the complex and the individual components in 

solution.24 Since centrifugation does not require immobilization onto a solid support 

matrix, the aptamer and target remain free in solution. This is an ideal situation since it 

more closely mimics the final application conditions of the target (i.e., free in solution). 

However, to-date this method has been inaccessible to small molecule aptamer selection, 

since the difference in the aptamer mass vs. the aptamer-small molecule mass is too 

small.  

As one potential alternative, the difference in size and mass between AuNPs and ssDNA 

may be exploited to separate AuNP-ssDNA conjugates from free ssDNA in solution via 

centrifugation. In this approach, the initial library of random DNA sequences could be 

adsorbed onto the surface of AuNPs. Using centrifugation to pellet the AuNPs out of 

solution, the supernatant containing free DNA sequences can be easily aspirated and 

removed. Next, the target molecule (for which an aptamer is desired) could be added in 

solution to the isolated AuNPs with adsorbed putative aptamer sequences. The putative 

aptamers with affinity for the target molecule will be released from the AuNP surface to 

bind to the target molecule. Centrifugation can be used again to partition the aptamer-
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target complex from the aptamers that remain on the AuNP surface. The workflow of this 

new approach is shown in Figure 2.1.  

 

Figure 2.1 Partitioning via centrifugation for AuNP based SELEX. After ssDNA (blue ribbons) are 

adsorbed onto the AuNP surface (purple circles) (A), the AuNPs can be separated from solution 

through centrifugation (B). The supernatant containing the sequences not adsorbed to the AuNPs in 

solution can removed (C). After target (yellow star) incubation (D), the non-binding sequences that 

remain on the AuNP surface can be separated (E). The binding sequences interact with the target in 

solution and can be collected (F).  

 

2.1.2 Interactions between gold nanoparticles and DNA aptamers  

 The adsorption mechanism of DNA and citrate capped AuNPs is not completely 

understood, this is evidenced by several inconsistencies in the literature. Early work by Li 

and Rothberg theorizes that single stranded DNA (ssDNA) is electrostatically adsorbed to 

the surface of negatively charged citrate capped AuNPs.59 Specifically, the Derjaguin-

Landau-Verwey- Overbeek (DLVO) theory is used to explain the adsorption of ssDNA 

onto citrate capped AuNPs. Compared to dsDNA, the free bases of ssDNA distance the 

negative charge of the phosphate backbone from the citrate capped AuNP surface, which 

allows for adsorption. Whereas, the negative charge of both phosphate backbones of 
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dsDNA prevents adsorption due to repulsive forces between the citrate capped AuNP and 

dsDNA (Figure 2.2).  

 

Figure 2.2 Adsorption of ssDNA (red ribbon) onto the surface of citrate capped gold nanoparticles 

(AuNPs). dsDNA (blue and red double helix) does not adsorb.  

 

 The DLVO theory was challenged, as this mechanism does not explain the base, 

sequence dependent variations in adsorption.78 Furthermore, the difference in linear 

charge density between ssDNA and dsDNA was not large enough to justify the 

differences in adsorption. Nelson and Rothberg proposed that ssDNA displace citrate ions 

on the surface of AuNPs.78 Although this mechanism was experimentally founded, the 

proposed interactions (hydrogen bonding and the hydrophobic effect) were not founded 

as the main contributing factor for DNA adsorption. Recently, the most accepted 

hypothesized adsorption mechanism is the displacement of citrate ions with ssDNA 



 24 

through specific chemical interactions between the available bases of ssDNA and the 

AuNP surface (Figure 2.3).79,80 Observed base dependent adsorption is supported with 

this adsorption mechanism.  

 

Figure 2.3 Adsorption of ssDNA (red ribbon) onto AuNPs by displacing the citrate ions on the AuNP 

surface. dsDNA (blue and red double helix) does not adsorb. 

 

 In particular, Pong et al. report that the base pairs interact differently with the 

AuNP surface, and therefore, exhibit dissimilarities in adsorption.81 Through 

computational analysis, their findings support the idea that ssDNA interacts with AuNPs 

through the available purine/pyrimidine rings. Specifically, dT binds to AuNPs more 

weakly compared to the other bases (dA, dC and dG). This difference is attributed to the 

available primary amines on dA, dC and dG (Figure 2.4).81 However, recent studies use 
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surface enhanced Raman spectroscopy (SERS) to determine that the nitrogen sites are the 

main interaction points with AuNP surface.80 

 

 

Figure 2.4 Chemical structure of nucleobases, adenine (dA), cytosine (dC), guanine (dG) and thymine 

(dT) 

 The adsorption of ssDNA onto the surface of AuNPs can also be explained with 

the Langmuir adsorption model.79,82 This theory describes adsorption in terms of the 

adsorbant and the available sites for the adsorption: in our case, ssDNA and the AuNP 

surface. Using this model, the adsorbate (ssDNA) and available sites for adsorption on 

the AuNP surface (AuNP) are in equilibrium with the formed complex (AuNP-ssDNA) 

when adsorption occurs: 

 𝑠𝑠𝐷𝑁𝐴 + 𝐴𝑢𝑁𝑃 ⇌ 𝑠𝑠𝐷𝑁𝐴 ⋅ 𝐴𝑢𝑁𝑃 Equation 4 

The equilibrium between the individual components (ssDNA and AuNPs) and the 

adsorption of ssDNA onto AuNPs (ssDNA-AuNPs) is described. If the rate constant of 

adsorption in the forward reaction is k1 and the rate of desorption in the reverse reaction 

is k2, then the rate equations are as follows:  

 𝑟𝑎𝑡𝑒 = 𝑘1[𝐴𝑢𝑁𝑃][𝑠𝑠𝐷𝑁𝐴] Equation 5 
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 𝑟𝑎𝑡𝑒 = 𝑘2[𝐴𝑢𝑁𝑃 − 𝑠𝑠𝐷𝑁𝐴] Equation 6 

Since the rate of adsorption and desorption are equal at equilibrium, the dissociation 

equilibrium constant (Kd) can be represented by the following:  

 𝑘𝑎[𝐴𝑢𝑁𝑃𝑠][𝑠𝑠𝐷𝑁𝐴] =  𝑘𝑑[𝐴𝑢𝑁𝑃𝑠 − 𝑠𝑠𝐷𝑁𝐴] Equation 7 

 

 
𝐾𝑑 =  

𝑘2

𝑘1
=  

[𝐴𝑢𝑁𝑃][𝑠𝑠𝐷𝑁𝐴]

[𝐴𝑢𝑁𝑃 − 𝑠𝑠𝐷𝑁𝐴]
 

Equation 8 

For a single adsorbate (one ssDNA aptamer sequence), the rate of adsoption is equal to 

the rate of desorption. Therefore, the fraction of the surface sites covered at equilibrium 

can be represented with the following equation:  

 
𝜃 =  

𝐾𝐶

(1 + 𝐾𝐶)
 

Equation 9 

where 𝜃 is the adsorbed DNA, C is the concentration of ssDNA aptamer and K is the 

Langmuir constant. Assuming monolayer coverage, 𝜃 is restricted between 0 and 1. 

Therefore, 𝜃 can be used to determine the amount of ssDNA adsorbed to the AuNP 

surface. Adsorption is proportional to the value of 𝜃, as the value of 𝜃 increases with the 

amount of ssDNA adsorbed to the AuNP surface.79,82   

 

2.1.3 Salt induced aggregation assay for colourimetric detection  

 Six years ago, Zheng et al. (2011) reported one of the first aptamer-based 

colourimetric biosensor for the detection of a small molecule target.64 In comparison to 

other detection methods such as electrochemistry or high performance liquid 

chromatography (HPLC), colourimetric sensors are advantageous for their simple, quick 

and on-site detection.2 The optical properties of AuNP are exploited, as aggregation 
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results in a visible colour change.61 In this study, a DNA aptamer previously selected for 

dopamine was adsorbed onto the surface of citrate capped AuNPs. This adsorption 

protected the AuNPs from salt-induced aggregation. However, when the specific target 

molecule was introduced in solution, the aptamer was released from the AuNP surface to 

preferentially bind its target, dopamine. Therefore, the presence of dopamine resulted in 

salt-induced aggregation, which is used for colourimetric detection (Figure 2.5).64  

Similarly, several other reports employing aptamers in the AuNP biosensor have been 

published.55,59,64–66 However, for each target and aptamer, the conditions (including 

reaction time and the concentration of aptamer, target and salt) vary significantly.50 

 

 

Figure 2.5 Illustration of the salt-induced AuNP aggregation assay. ssDNA aptamers (black ribbon) 

are adsorbed onto the surface of AuNPs (red spheres) protecting the AuNPs from salt induced 

aggregation with sodium chloride (NaCl) (A). Without the adsorption of ssDNA aptamer, the AuNPs 

are subject to salt-induced aggregation (blue spheres) (B). When target (yellow stars) is present in 

solution, the aptamer will leave the AuNP surface to preferentially bind the target molecule (C) and 

leave the AuNPs exposed to salt-induced aggregation (D).  

 

 

 

A 

B 
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2.1.4 Chapter objectives  

 To leverage AuNPs as a platform for small molecule SELEX, first a reliable 

partitioning method must be established. This chapter describes our investigation of 

rationally-selected partitioning methods (including filtration, gel electrophoresis and 

centrifugation) to assess which technique is sufficiently reliable for separating ssDNA in 

solution from ssDNA adsorbed onto AuNPs. The best separation method was employed 

to examine AuNP capacity for ssDNA aptamers, structure and length adsorption bias 

between aptamer sequences, and the mechanism of adsorption. Through the successful 

and reliable separation of adsorbed ssDNA aptamers from sequences in solution, this 

work provides insight into the non-covalent interaction between ssDNA aptamers and 

AuNPs. 

 

2.2 Experimental  

2.2.1 Materials  

Phosphoramidites and 1000 Å pore size controlled glass pore (CGP) columns were 

purchased from Glen Research. Ochratoxin A (OTA), Gold (III) chloride trihydrate 

(HAuCl43H2O), and Sodium citrate dehydrate (HOC(COONa)(CH2COONa)2 · 2H2O) 

 were purchased from Sigma-Aldrich.  

 

2.2.2 DNA aptamer preparation, purification and quantification  

 All aptamers and primers were synthesized on a BioAutomation Mermade 6 

oligonucleotide synthesizer (Plano, Texas). The unmodified aptamer sequences were 

synthesized using standard phosphoramidite chemistry on a 1μmol controlled glass pore 
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(CGP) columns with a 1000 Å pore size. Sequences were modified with 5ꞌ- fluorescein 

phosphoramidite (Glen Research). To cleave the sequences from the column after 

synthesis, the beads were placed in a 1.5 mL eppendorf tube with 1 mL of ammonium 

hydroxide (NH4OH) and allowed to incubate overnight at 55 °C. The tubes were removed 

from heat and allowed to cool for at least 30 mins. The solution was centrifuged to pellet 

the beads and the supernatant containing the sequences was removed and placed in a 

clean 2 mL eppendorf tube. The beads were washed with 1 mL of deionized water and 

centrifuged to pellet the beads. The supernatant was removed and added to the same 2 

mL eppendorf tube. The tubes were placed on Savant AES2010 SpeedVac overnight or 

until dry.  

 Synthesized aptamers were purified using polyacrylamide gel electrophoresis 

(PAGE). A 12% denaturing gel solution was prepared by combining 31.5 g of urea, 23.5 

mL acrylamide (acrylamide/ bis-acrylamide 40% solution), 15 mL of 5x Tris/ borate/ 

EDTA (TBE) buffer and 14 mL of deionized water in a 250 mL beaker. The solution was 

heated with stirring to 37 °C. The hot solution was filtered by gravity using Whatman No. 

1 filter paper and allowed to cool to room temperature. 450 μL of 10% ammonium 

persulfate and 35 μL of TEMED (N, N, N’, N’- tetramethylethylenediamine) were 

quickly added to the solution immediately before pouring the gels. The solution was 

swirled and poured between two glass gel plates with a plastic comb, and the gel was 

allowed to polymerize for 30 mins.  After polymerization, the gels were equilibrated on a 

SE Chroma Standard Dual gel electrophoresis unit at 300 V for 15 mins. The DNA 

samples were prepared by adding 300 μL of deionized water and 300 μL of formamide to 

the 2 mL eppendorf tube containing the dried sequences. This solution was vortexed and 
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heated to 90°C for 5 mins. All 600 μL of sample was loaded onto a gel and run at 300 V 

for approximately 2 hours. The gel was imaged using the epiUV and fluorescence 

features of an Alpha Imager Multi Light Cabinet (Alpha Innotech). The fluorescent band 

in the gel was cut out of the gel, broken in a 50 mL tube and incubated for 2-3 days in 

approximately 25mL of water at 37°C in a New Brunswick Scientific Innova 40 

incubation shaker at 160 rpm. The gel was then filtered through 0.22 μm cellulose acetate 

syringe filters into a new 50 mL tube. The filtered solution was dried on a Labconco 

freezone lyophilizer. When dry, the sequences were re-dissolved in a minimum amount 

of deionized water. Using Desalting Amicon-Ultra 0.5 mL 3 kDa centrifuge tubes, the 

sequences were desalted and rinsed. The DNA was quantified using a Cary 300 Bio UV-

Vis Spectrometer (Varian, USA) at 260 nm.  

 

2.2.3 Synthesis of gold nanoparticles (AuNPs) 

 All glassware used for the AuNP synthesis was washed with aqua regia (3:1 

mixture concentrated HCl/HNO3) and rinsed thoroughly with deionized water. In a 250 

mL Erlenmeyer flask, 2 mL of 50 mM HAuCl43H2O was added to 98 mL of deionized 

water. The solution was brought to a boil quickly with magnetic stirring. Upon boiling, 

10 mL of 38.8 mM sodium citrate (HOC(COONa)(CH2COONa)2 · 2H2O) was quickly 

added. The solution changed from a pale yellow to dark blue and finally to a wine-red. At 

this point, the solution was allowed to heat for an additional 10 mins with stirring. The 

solution flask was removed from the heat and allowed to cool to room temperature with 

continued stirring. The synthesized AuNPs were characterized by UV-Vis spectrometry 

and TEM/EDS analysis. 
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2.2.4 Partitioning methods for separation of AuNP-aptamer complex  

2.2.4.1 Dilution and preparation of AuNPs  

 Six 1.5 mL Eppendorf tubes were placed in a tray and labeled as control (3) and 

test (3) samples. 1 mL of 12 nM AuNPs was prepared from stock AuNP solution. 210 μL 

of 12 nM AuNPs was placed in the sample tubes labeled test and 210 μL of deionized 

water was placed in the tubes labeled control.  

2.2.4.2 Preparation of aptamer dilutions  

 1 mL of 1 μM DNA aptamer was prepared and heated to 90°C for 5 mins and 

allowed to cool to room temperature for approximately 15-30 mins. When 2 sequences 

were added to AuNPs competitively, 1 mL of each sequence was prepared at a 

concentration of 1 μM. 1 mL of each sequences was mixed together in the same 15 mL 

tube, divided into 3 1.5 mL Eppendorf tubes and heated together for 5 mins to 90°C and 

cooled to room temperature for 15-30 mins.  

2.2.4.3 Preparation of target molecule (OTA)  

 Purchased ochratoxin A (OTA) (approximately 1 mg) was dissolved in 1 mL of 

deionized water and placed on a shaker at room temperature overnight. The solution was 

filtered through 0.5 mL Corning Costar Spin-X centrifuge filter tubes. The filtrate was 

collected and quantified by UV-Vis absorption spectroscopy at 330nm. 10 μM of OTA 

was prepared in deionized water and stored at room temperature. 
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2.2.4.4 Introduction of aptamer to AuNPs  

 100 μL of 1 μM DNA was added to control samples and test sample tubes 

containing 210 μL of 12 nM AuNPs. The tubes were vortexed quickly and allowed to 

incubate at room temperature for 30 mins.  

2.2.4.5 Removal of non-binding DNA sequences 

2.2.4.5.1 Filtration  

 After 30 mins, the tubes were centrifuged for 30 mins at 14,000 g in 50 kDa size 

Amicon centrifuge filter tube. The supernatant solution was removed and placed in the 

new 1.5 mL tube. Non-binding fluorescein labeled DNA analyzed for the capacity of 

AuNPs was measured immediately on a fluorescence spectrophotometer (Horiba Jobin 

Yvon, USA) with a SpectrAcq controller. 

2.2.4.5.2 Agarose gel electrophoresis  

 After 30 mins, the solution was mixed with 25% glycerol volume ratio and 

vortexed quickly. 80 μL of each tube of DNA was loaded into different individual wells 

and the gel was run at approximately 160 V for approximately 2-3 hours. 

2.2.4.5.3 Centrifugation  

 After 30 mins, the tubes were centrifuged for 30 mins at 12,000 g. The 

supernatant solution was removed and placed in the new 1.5 mL tube. Non-binding 

fluorescein labeled DNA analyzed for the capacity of AuNPs was measured immediately 

on a fluorescence spectrophotometer (Horiba Jobin Yvon, USA) with a SpectrAcq 

controller. When two sequences were added, the non-binding fluorescein labeled DNA 
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sequences were placed on Savant AES2010 SpeedVac overnight or until dry and later 

analyzed by PAGE.  

2.2.4.6 Introduction of target molecule (OTA) 

 100μL of 40 μM OTA and was added to the AuNPs after removal of non-binding 

DNA sequences. The tubes were once again vortexed quickly, allowed to incubate at 

room temperature for 20 mins and then centrifuged for 30 mins at 12,000 g. on a shaker 

at a low setting. This supernatant solution was removed and collected in the new 1.5 mL 

tubes. The tubes were placed on Savant AES2010 SpeedVac overnight or until dry and 

later analyzed by PAGE  
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2.2.4.7 PAGE analysis of AuNP-aptamer structure bias and multilayer effect 

 The collected DNA sequences were mixed with fomamide in a 1:1 volume ratio, 

vortexed quickly and heated to 90°C for 5 mins. 80 μL of each tube of DNA was loaded 

into different individual wells and the gel was run at 300 V for approximately 2-3 hours. 

2.2.4.8 Imaging and analyzing the PAGE gel  

 After the gel run was complete, the gel was placed on a 20 cm by 20 cm 

fluorescent dye loaded TLC plate with plastic wrap. The gel was imaged using an Alpha 

Imager Multi Light Cabinet (Alpha Innotech). The intensity of each UV-Vis absorption 

band was found and analyzed with Image J software.   

2.2.4.9 Fluorescence-based analysis of AuNP capacity for ssDNA aptamers 

 Fluorescence spectra were recorded on a fluorescence spectrophotometer (Horiba 

Jobin Yvon, USA) with a SpectrAcq controller with an excitation wavelength of 495 nm 

and an emission wavelength of 400- 600 nm (6fam fluorescein).   

2.2.5 Salt-induced aggregation analysis of centrifugation assay design  

 Aggregation was induced at various stages of the AuNP centrifuge assay; before 

removal of supernatant, after removal of supernatant or after the addition of target. After 

centrifugation, the centrifuged tubes and their associated control tubes were vortexed 

quickly. 70 μL of 0.25 M sodium chloride (NaCl) was added to each tube. The tubes were 

vortexed quickly and allowed to incubate for 5 mins at room temperature. After 

incubation a picture was taken and the UV-Vis absorption spectra was measured using a 

Cary 300 Bio UV-Vis spectrometer (Varian, USA) within 30 mins of adding NaCl.  
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2.2.6 Transmission electron microscopy (TEM) 

 AuNPs were prepared as described in section 3.2.2. and analyzed at each step 

during synthesis. Transmission electron micrographs were taken with a FEI Technai G2 

F20 TEM at the Carleton University Nano-imaging Facility, with a field emission source 

at a voltage of 200 kV using Gatan Microscopy Suite 2V. All images were taken on dry 

300 mesh x 83 μm pitch carbon coated copper TEM grids at room temperature. Grids 

were prepared by placing 4 μL of AuNPs on a TEM grid. The TEM grids were allowed to 

dry for 4 -24 hours depending on the solvent. Images were taken at 1-2 μm, 100- 200 nm 

and 5- 10 nm for each grid.  

2.2.6.1 TEM Energy-dispersive X-ray spectroscopy (TEM/EDS) 

    EDS of each AuNPs sample was taken at a 20 degree take off angle with an 

Oxford X-max 80mm EDS detector using Aztec software.  

 

2.3 Results and Discussion  

2.3.1 Optimization of AuNP-aptamer centrifugation assay conditions  

 As a starting point to determine whether AuNPs could serve as a potential 

platform for SELEX, we developed a AuNP-aptamer centrifugation assay to investigate 

the interaction between various single-stranded DNA aptamers and citrate capped 

AuNPs. Specifically, we were interested in the DNA loading capacity onto AuNPs, if 

there was a bias between DNA aptamer structures and lengths, and the extent of 

monolayer or multilayer formation on the AuNP surface. We also carefully considered 

the conditions used in the classical aptamer AuNP bioassay, in particular the ratio of 

DNA to AuNP concentrations (typically 40:1) (Table 2.1).  
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To measure the aptamers adsorbed to the AuNP surface, the non-binding aptamers 

must be removed for analysis by difference. To achieve this, centrifugation was applied 

to create a pellet of AuNPs. Initially, this was done using the same low volume 

conditions applied in the AuNP bioassay (e.g., 6 μL of 10 μM DNA aptamer is added to 

135 μL of 11 nM AuNPs), however, to accurately remove and measure the supernatant, 

the assay volume was increased while keeping the concentration ratios constant (Table 

2.1). To further mimic the AuNP bioassay, all other conditions remained the same (e.g., 

incubation time was kept at 30 mins).  

 

Table 2.1 Conditions for the AuNP bioassay and the designed AuNP centrifugation assay  

  

Concentration 

added   

(M) 

Volume 

added 

(μL) 

Final assay 

concentration  

(M) 

Final assay 

concentration 

ratio 

Final 

assay 

volume 

(μL) 

Final 

amount 

(mol) 

Molar 

ratio  

AuNP salt aggregation assay conditions  

ssDNA 

aptamer  
1.0 x 10-5 6 4.3 x 10-7 40 141 6.0 x 10-11 40 

AuNP 1.1 x 10-8 135 1.1 x 10-8 1 141 1.48 x 10-12 1 

AuNP centrifuge assay conditions  

ssDNA 

aptamer  
1.0 x 10-6 100 3.2 x 10-7 40 310 1.0 x 10-10 40 

AuNP 1.2 x 10-8 210 8.1 x 10-9 1 310 2.5 x 10-12 1 

 

 

2.3.2 Head-to-head studies reveal importance of partitioning methods for AuNP 

SELEX  

 The partitioning method for investigating AuNP-aptamer interactions was 

rationally chosen based on the fact that the separation technique used during SELEX 

should be compatible with the future testing conditions and well suited for the type of 

target. Therefore, the partitioning method should be chosen for a small molecule target 

that is free in solution. AuNP-based SELEX would require separation at two different 



 37 

stages during each round of the selection process. First, the sequences that successfully 

adsorb onto the AuNP surface must be separated from the sequences that remain in 

solution. Next, the small molecule target is introduced, and the previously isolated 

AuNP-aptamer complex and target are allowed to incubate in solution. At this point, the 

partitioning method is used once again to separate the putative aptamer sequences that 

leave the AuNP surface to preferentially bind to the target molecule in solution from the 

non-binding sequences that remain adsorbed to the AuNP surface (Figure 2.6).   

 

Figure 2.6 Partitioning steps required during AuNP based SELEX. A) displays the partitioning step 

required between ssDNA sequences (coloured ribbons) on the AuNP surface and sequences that 

remain in solution. B) illustrates how the ssDNA sequences (blue and green ribbons) with affinity for 

the target molecules (yellow star) must be separated from sequences (red and black ribbons) 

remaining on the AuNP surface 

 

 From the possible SELEX partitioning methods, filtration, gel electrophoresis and 

centrifugation were considered the best options for AuNP SELEX partitioning. This is 
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because these separation techniques are ‘in solution’ methods, meaning that they do not 

require an additional solid support matrix such as a column or bead.24  

 First, we attempted to use filtration as a partitioning method to separate the 

aptamer-AuNP complex from free aptamer in solution based upon a difference in size. By 

quantifying the amount of ssDNA that passed through the filter and comparing this 

amount to a control, we were able to calculate (by subtraction) the amount of ssDNA 

adsorbed to the AuNP surface. The pore size of the filter must be within a specific range, 

as it is required to be smaller than the AuNPs but large enough to let free ssDNA 

aptamers in solution pass through the membrane. To ensure the retention of 

approximately 13 nm AuNPs, a pore size of 50 kDa was chosen. Typically when washing 

our ssDNA sequences which are between 30-100 bases, 3 kDa membrane pore size is 

required. Therefore, there is theoretically a small range of pore sizes that will 

successfully separate the AuNPs from the ssDNA aptamers in solution. Regardless, a 50 

kDa size Amicon centrifuge filter tube was investigated as a separation technique. This 

method for separation was problematic for a number of reasons. First, the available 

centrifuge tube with this pore size is designed to concentrate the sample. Therefore, not 

all the free ssDNA passed through the filter during the first separation and required 

multiple washes to ensure all the ssDNA in solution was filtered through the membrane. 

These required washes could affect the adsorption equilibrium further. Secondly, it was 

found that the membrane had an affinity for the AuNPs as the filter appeared wine-red in 

colour after filtration. This colour was removed after vortexing the filter tube, however, 

the AuNPs could block the pores during filtration and would interfere with separation. 

Finally, the centrifugal force required (14,000 g for 30 min) was too high when 



 39 

considering that the ssDNA-AuNP complex is held together via proposed non-covalent 

interactions. With the combination of these challenges, other partitioning methods were 

considered.  

 We next examined gel electrophoresis as a partitioning method. Previously 

Pellegrino et al. successfully employed gel electrophoresis to study the difference in 

conjugate diameter with increasing ssDNA length. The size of the AuNP-ssDNA 

conjugate was analyzed for both covalently bound and adsorbed DNA. It is suggested 

that, even non-covalent interactions between ssDNA and AuNPs, result in a size 

difference that can be analyzed by the migration of the conjugate through the gel.83 

 Zhang and co-workers also used gel electrophoresis to study the interactions between 

ssDNA and AuNPs.79 In this work, they suggest that the adsorption of ssDNA results in 

an increase in the overall negative charge of the complex. The charge of the complex is 

considered to be the main contributing factor the migration of the ssDNA-AuNP 

complex, in comparison to an increase in size slowing down the migration.79 Based on 

this, we investigated whether putative aptamers in solution could be separated from 

sequences adsorbed on the AuNP surface via agarose gel electrophoresis. However, there 

is one important difference for our work: the difference in size between free ssDNA in 

solution and the ssDNA-AuNP complex is much greater than a difference in the charge of 

the species.  

Unfortunately, we were unable to optimize the procedure to work as a reliable 

partitioning method. Specifically, a clear distinction between two bands in the gel was 

not obtained. As a result, the percentage of ssDNA on the AuNP surface could not be 

determined. It is important to note that the previously reported methods used gel 
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electrophoresis to study the difference in ssDNA adsorption with different DNA lengths 

and assay conditions. These studies were not assessing the amount of ssDNA on the 

surface compared to the amount of ssDNA in solution, but rather how far the complex 

migrated in the gel relative to another sample. Despite our efforts towards optimizing the 

agarose gel percentage, running time, and voltage, two bands (one for ssDNA and one for 

the ssDNA-AuNP complex) could not be resolved and the one band was coincident with 

the unmodified AuNPs. This rendered gel electrophoresis unsuitable for our AuNP 

SELEX partitioning application.  

 Finally, the separation of AuNPs from non-binding DNA aptamers was attempted 

via centrifugation. In order to test the required centrifugation speed for sufficient 

separation of 13 nm AuNPs from solution, various centrifugation speeds were tested. 

Centrifugation of 20 nm AuNPs has been previously analyzed using a range of speeds 

(3,000-11,000 g) and times (10-60 mins). It was reported that approximately 80% of 20 

nm AuNPs were separated at a centrifugal speed of 7,000 g for 20 mins. Based on these 

methods and considering the AuNP size difference, AuNPs were centrifuged for 30 mins 

at various speeds (5,000-12,000 g). Visually, a difference in the colour of the supernatant 

removed after centrifugation was noted (Figure 2.7). However, given that visual 

observation is not a reliable method for determining the presence of AuNPs in solution, 

the supernatant removed after centrifugation was analyzed by TEM with EDS. The TEM 

images suggest that nanoparticles remain in solution, even after centrifugation at the 

highest analyzed centrifugal speed (Figure 2.8). To continue with the following 

experiments, we chose a centrifuge speed of 13, 000 g in order to strike a balance 

between several factors. Specifically, to reduce the number of AuNPs left in solution as 
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observed by our results at 12,000 g, the speed must be higher. Conversely, to ensure that 

the aptamer-target interaction is maintained, speeds below 14,000 g are preferred.  

 

 

Figure 2.7 Image of the supernatant solution removed after centrifuging a 11 nM citrate capped 

AuNP sample for 30 mins at various centrifuge speeds (5,000- 12,000 g) 

 



 42 

 

Figure 2.8 TEM images of AuNPs in the supernatant solution after centrifuging the AuNP sample for 

30 mins at 13,000 g with various scale bars (A) 2 μm, (B) 1 μm, (C) 100 nm and (D) 50 nm.  

 

2.3.3 Determination of AuNP capacity for ssDNA aptamers  

 To use AuNPs as a platform for small molecule SELEX, the capacity of AuNPs 

for a DNA aptamer library must be assessed. If a large volume of AuNPs is required to 

adsorb the majority of a standard ssDNA aptamer SELEX library, AuNP SELEX would 

be difficult to manipulate (e.g., requiring large volumes/ numbers of PCR reactions, etc). 

As a first step, 1.12.284 (an aptamer for ochratoxin A)85–87 was used as a model to 

measure the capacity of the AuNP surface to adsorb a DNA library for SELEX.  

A B 

C

 

D 
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Typically, the DNA library during SELEX ranges between 10-1000 pmol. 

Therefore, a constant amount of AuNPs (2.5 pmol, 12 nM) was added to various amounts 

of fluorescein labeled 1.12.2 aptamer (10-1000 pmol). The supernatant solution 

containing the non-binding 1.12.2 was removed and collected after centrifugation. The 

concentration of 1.12.2 was compared to the control sample to determine the percentage 

of aptamer adsorbed onto the AuNP surface. The calculated adsorbed values were plotted 

against the original amount of 1.12.2 aptamer added (Figure 2.9).  

Interestingly, the ideal amount of 1.12.2 for a constant amount of AuNPs was 

found to be 100 pmol (Figure 2.9). At this amount, the ratio of DNA aptamer to AuNPs 

was the ideal 40:1 (final assay concentration) used in the AuNP bioassay.  

Figure 2.9 describes the percentage of 1.12.2 in comparison to a control sample. 

Therefore, to better illustrate the results, Figure 2.10 displays the absolute amount of 

1.12.2 adsorbed with respect to amount of 1.12.2 added. Given that the amount of 1.12.2 

detected is in the sub nanomolar range, the large standard deviation between the three 

trials is acceptable. This analysis suggests that the surface of AuNPs (2.5 pmol) is 

saturated with adsorbed 1.12.2 aptamer upon addition of approximately 100 pmol 1.12.2 

aptamer.   
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Figure 2.9 Percent of ssDNA adsorbed (θ) with respect to amount of ssDNA added (mol) determined 

by a Hill slope equation for the sequence 1.12.2  

 

Figure 2.10 Percent of ssDNA adsorbed (mol) with respect to the amount of ssDNA added (mol) for 

sequence 1.12.2   
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 To further confirm the adsorption of 1.12.2 to AuNPs at a 40:1 (final assay 

concentration ratio) of DNA aptamer to AuNPs we repeated the experiment with 100 

pmol of 1.12.2, performing several replicates. The data supports that at this ratio, almost 

all of the DNA aptamer (1.12.2) was adsorbed onto the surface of AuNPs. The percent 

difference between the test and control samples was approximately 94.5 ± 1.7 % (Figure 

2.11). It is suggested that this amount of AuNPs is ‘at capacity’ or saturated at 

approximately 100 pmol of 1.12.2 DNA aptamer.  

 

Figure 2.11 Percent of ssDNA adsorbed when 100 pmol of 1.12.2 was added to 2.5 pmol of AuNPs 

 

 We next compared our results to previous AuNP binding with a 44 base length 

sequence. To do this, the percent of DNA on the surface of the AuNPs was estimated 

against a control sample for a range of concentrations (10, 40, 70 and 100 pmol). Figure 

2.12 clearly shows a larger difference in the amount of 1.12.2 adsorbed with an increase 

in the amount of DNA added. One drawback of this analysis is that the increase in 
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percent difference is partially due to the fact that there is bias between the detectable 

difference in fluorescence at various concentration of 5’-fluorscein-labelled aptamer. 

However, the Langmuir binding isotherm was modelled (Figure 2.12), and the K of 

adsorption was found to be 0.060 ± 0.014 nM-1. This value is in agreement with 

previously determined adsorption K  of 0.033 ± 0.004 nM-1 for a 44 base length sequence, 

with a slight variation being attributed to a difference in the ssDNA sequence and 

length.79 In combination with our previously estimated isoterms over a wider range of 

1.12.2 concentrations (10- 1000 pmol), it was suggested that a saturation of adsorption 

occurred at approximately 100 pmol or a 40:1 ratio.  

Although this analysis can not provide an absolute capacity due to the high degree 

of error observed with this method of analysis, it was found reasonable that 100 pmol of 

DNA aptamer be used in a 40:1 ratio (DNA: AuNP) for further analysis. With this 

considered, for citrate capped AuNPs separated by centriguation it is estimated that 100 

pmol (100 μL at 10 μM) can be absorbed onto 2.5 pmol of AuNPs (210 μL at 11 nM). If 

an initial SELEX library was comprised of approximately 1000 pmol of DNA, the 

required amount of AuNPs at 11 nM would be roughly 25 pmol or 2.3 mL. This volume 

is both reasonable and practical to be used as a small molecule SELEX platform. 

Although this method only provides an approximation, studying the capcity of citrate 

capped AuNPs for 1.12.2 in this way has assessed AuNP as a novel platform for small 

molecule SELEX.  



 47 

 

Figure 2.12 Percent of ssDNA adsorbed (θ) with respect to amount of ssDNA added (mol) determined 

by a Hill slope equation for the sequence 1.12.2 

 

2.3.4 Investigating AuNP-aptamer interactions for SELEX conditions 

2.3.4.1 Effects of aptamer structure and length on AuNP-aptamer interactions 

 We next examined the possible bias between structure and length for adsorption. 

If there is a difference in adsorption dependent on the sequence, desorption of sequences 

for a target molecule could be biased. To test this, aptamers of various lengths and 

structures were adsorbed to AuNPs and analyzed. A08m and H12 are two aptamers 

previously selected for the small molecule mycotoxin, OTA.88,89 A08m is approximately 

half the length compared to H12, and the sequences are predicted to have different 

secondary structures based on DNAse analysis.90,91 These sequences also yield different 

qualitative binding results with the AuNP bioassay.50 The sequences were introduced 
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competitively to a known amount of AuNPs, removed, then separated and analyzed by 

PAGE. Figure 2.13 displays a representative gel of the control DNA sample of A08m and 

H12 in a 1:1 ratio and the DNA in the supernatant after separation. The intensity of the 

bands were then calculated and compared against a control sample. For A08m and H12, 

no measurable difference in adsorption was found (Figure 2.14). Within error, 

approximately 80% (81.9 ± 5.38 % for A08m and 82.2 ± 5.28 % for H12) of each 

sequence originally added was found to adsorb to AuNPs (Figure 2.14). There did not 

appear to be any preference for one aptamer length or structure over the other. 

Hypothetically, there may be a difference in adsorption with respect to length as the 

number of bases in the DNA sequence could influence adsorption kinetics.79–81 

 However, our results suggest that there is no significant difference in the amount of 

adsorption relative to length or structure of the DNA sequence.  

 To confirm the generality of our results, another aptamer was tested. FB139 is an 

aptamer previously selected for another small molecule mycotoxin, Fumonisin B1 

(FB1).19,49 This sequence is approximately 3 times the length compared to A08m. Using 

the same method, there was no consistent or significant difference in the amount of 

adsorption between these two sequences (Figure 2.15). Again, approximately 80% (81.5 

± 5.93 % for A08m and 83.0 ± 5.04 % for FB139) of each sequence was found to be 

missing from the supernatant, and was assumed to be adsorbed to the AuNP surface 

(Figure 2.15).  

 Incubation time and centrifugation could all create bias in the developed assay. 

The longer sequences could have a stronger interaction with the surface of the AuNPs; 

however, the adsorption kinetic may be influences by the increased number of DNA 
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bases. The difference in length could promote the binding of longer sequences over 

shorter sequences as separation is achieved by centrifugation. These concerns are 

addressed in detail and tested experimentally in Section 2.3.4.2..         

2.3.4.2 Non-specific removal of ssDNA aptamers from AuNP surface 

 To investigate the reliability of this assay as a partitioning method for SELEX, a 

proof–of-concept SELEX experiment was performed. In this experiment, two sequences 

were allowed to incubate with AuNPs at room temperature for 30 minutes. At this point, 

the solution was centrifuged to pellet the AuNPs, hypothetically containing the adsorbed 

ssDNA sequences. The supernatant solution was then removed and collected to estimate 

the amount of DNA sequences that did not adsorb onto the AuNP surface. This process 

would hypothetically leave only the aptamer sequences that originally adsorbed to the 

AuNP surface in solution. If a small molecule target (OTA) were introduced in solution, 

the aptamer sequences that preferentially bind the OTA would leave the AuNP surface. 

Centrifugation could again be used to pellet the AuNPs out of solution and allow 

separation of aptamers that remain on the AuNP surface from target-aptamer complexes.  

 First, two aptamer sequences (A08m and H12) that were both selected for the 

same target molecule (OTA) were compared.88,89 Previous work indicated that H12 

protects the AuNPs from salt aggregation regardless of target concentration; therefore, it 

is presumed that the aptamer fails to leave the nanoparticle surface.50 Considering this, it 

is expected that A08m will leave the AuNP surface more readily than H12 resulting in a 

higher concentration of A08m in the supernatant. Figure 2.14 shows that in our 

experiments, this was not the case, and the amount of A08m and H12 in the supernatant 

was approximately equal. The amount of A08m removed from the AuNP surface when 



 50 

OTA was introduced was estimated to be 4.05 ± 1.18 % and, the amount of H12 was 

approximately 4.51 ± 1.36 % (Figure 2.14).  

 Next, we tested aptamers to two different targets: A08m and FB139.19,89 

Hypothetically, since FB139 has no affinity for OTA, A08m should be removed more 

readily when OTA is introduced. The results did not support our hypothesis and the 

amount of A08m was relatively equal to FB139 when OTA was added (Figure 2.15). 

Using PAGE analysis, the amount of A08m and FB139 was found to be approximately 

4.39 ± 2.40 % and 4.46 ± 2.35 %, respectively. These results where in agreement with the 

previous findings for A08m and H12. However, the non-specific removal of FB139 with 

OTA was concerning and prompted analysis of the proposed centrifugation separation 

method.  

 We next tested performed a negative control experiment. Warfarin is a small 

molecule that is similar in structure to OTA, but does not bind to the aptamer and thus is 

commonly employed as a negative control.84 Again, aptamer A08m and H12 as well as 

A08m and FB139 were tested in the same, previously described, assay. Alarmingly, the 

amount of each sequence removed with OTA was comparable with the amount of each 

sequence removed with negative control (warfarin) and with a blank (water). When 

A08m and H12 were subjected to a water blank sample approximately 9.49 ± 0.36 % and 

7.41 ± 1.97 % were found in the supernatant, respectively. Similarly, when A08m and 

FB139 were subjected to a water blank sample approximately 8.89 ± 0.33 % of A08m 

and 8.92 ± 0.67 % of FB139 were removed into solution. When A08m and H12 were 

introduced to warfarin in solution, approximately 8.17 ± 0.36 % of A08m and 6.27 ± 3.01 

% of H12 were found in the supernatant. Likewise, approximately 9.99 ± 2.06 % of 
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A08m and 8.86 ± 1.83 % of FB139 were estimated to be removed form the AuNP surface 

with warfarin.  This suggests that the sequences appeared to be removed non-specifically. 

While analysis by PAGE results in a relatively high margin of error; the findings suggest 

that centrifugation as a separation method may be playing a role in the unexpected 

results.  

 

 

Figure 2.13 Representative image of PAGE gel analysis. 10% control of A08m and H12 (A), amount 

of A08m and H12 not adsorbed (B) and amount of A08m and H12 removed with the target molecule, 

OTA (C).  
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Figure 2.14 Analysis of A08m and H12 adsorbed onto AuNPs and removed with target (OTA), a 

negative control (warfarin) and a blank (water). The amount of ssDNA for each sequence is 

represented as a percentage of the total amount of each sequence originally added  

 

Figure 2.15 Analysis of A08m and FB139 adsorbed on AuNPs and removed with target (OTA), a 

negative control (warfarin) and a blank (water). The amount of ssDNA for each sequence is 

represented as a percentage of the total amount of each sequence originally added 
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2.3.5 Challenges with centrifugation as a separation technique for SELEX 

 We next examined the effects of centrifugation on the non-covalent interaction 

between AuNPs and ssDNA. First, the interactions between AuNPs and A08m after 

experiencing various speeds of centrifugation were investigated. In this experiment, the 

same concentration of AuNPs (210 μL, 11 nM) and A08m (100 μL, 10 μM) were added 

to each tube. After incubation, the tube was centrifuged at the appropriate speed (between 

5,000 and 12,000 g). The addition of 0.25 M NaCl resulted in salt induced aggregation of 

the AuNPs regardless of speed. It was suggested that there was an increase in aggregation 

proportional to increasing speed. Although a slight variation in the degree of aggregation, 

even the sample that experienced the lowest speed (5,000 g) aggregated with the addition 

of salt. The previous section determined the highest speed (12,000 g) was required for 

separation and even at a speed of 13,000 g a small percentage of AuNPs remained in 

solution. Salt induced aggregation following centrifugation suggested that the force of the 

centrifuge used to separate AuNPs from solution affected the non-covalent interactions 

between ssDNA aptamers and AuNPs (Figure 2.16).  
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Figure 2.16 Image of AuNP-A08m sample after centrifugation for 30 mins at various centrifuge 

speeds (5,000- 12,000 g). The pelleted AuNPs were re-suspended in solution (top) and a solution of 

0.25 M NaCl was introduced to test salt-induced AuNP aggregation (bottom). 

 

 The difference in aptamer adsorption with and without centrifugation (12,000 g) 

was analyzed using aptamers at various lengths: 1.12.2 (36 nts), Dop (58 nts) and FB139 

(96 nts).19,84,92 Each aptamer was incubated with AuNPs at room temperature for 30 

minutes. Following this incubation, half of the samples for each sequence (three trials) 

were centrifuged at 12,000 g for 30 minutes. The other half of the prepared samples for 

each sequence (three trials) was left un-centrifuged for 30 minutes. Control samples, of 

AuNPs without DNA were prepared for comparison. It is reported that the adsorption of 

ssDNA can protect nanoparticles from salt induced aggregation. Based on this 

assumption, salt induced aggregation can infer if the aptamers in solution are adsorbed to 

the surface of the AuNP or not.  
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A picture of the samples was taken before and after the addition of NaCl (Figure 

2.17) and the UV-Vis absorption spectra for each sample were obtained via a Cary 300 

Bio UV-Vis Spectrometer (Figure 2.18). Here, only the shortest aptamer sequence 

(1.12.2) differed in salt induced aggregation after centrifugation for 30 minutes at 12,000 

g. Although Dop and FB139 samples did not experience these same effects, this is a 

notable bias between aptamer lengths when using centrifugation as a separation method. 

It was also observed that the control without any ssDNA was extremely aggregated after 

this centrifugation speed (Figure 2.17). This aggregation was so extensive, that this 

sample could not be analyzed by UV-Vis spectrometry.     

 

 

 

Figure 2.17 Image of AuNP-ssDNA sample with and without centrifugation for 30 mins at 14,000 g. 

Various lengths of aptamer sequences were tested: 1.12.2 (36 bases), Dop (57 bases) and FB139 (96 

bases. The pelleted AuNPs of the centrifuged samples were re-suspended in solution (top) and a 

solution of 0.25 M NaCl was introduced to test a difference in salt-induced AuNP aggregation 

(bottom). 
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Figure 2.18 UV-Vis spectroscopy analysis of the salt-induced AuNP aggregation study previously 

described (Figure 2.16).  

 

 Finally, salt induced aggregation was applied after the addition of target to 

investigate if there was adsorbed aptamer on the surface of the AuNPs at this stage. 

Previous results suggested that approximately 80% of the ssDNA aptamer added is 

adsorbed onto the surface of the AuNPs and that between approximately 4- 10% of the 

ssDNA originally added is removed non-specifically with target (section 2.3.4.2); 

therefore some of the adsorbed aptamer must remain on the surface of the AuNPs. 

Although the samples aggregated more than expected, no one sample appeared to 

aggregate more than the other (Figure 2.19).  

 This supports that through the centrifugation assay, ssDNA aptamers are removed 

from the surface of AuNPs non-specifically for warfarin and water. In addition, the 
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results of the salt aggregation assay do not agree with previous PAGE analysis. PAGE 

analysis predicted that after the addition of target, approximately 75% of the original 

ssDNA aptamer originally added remains on the surface of the AuNPs. However, with 

the high degree of salt induced aggregation of the AuNPs at this stage, it is unlikely that 

75% of aptamer remains on the surface. The force of centrifugation required to pellet the 

AuNPs out of solution may affect the non-covalent interactions between ssDNA aptamers 

and AuNPs. Thus, while there is some degree of error associated with every separation 

method, centrifugation is likely not viable for AuNP-based SELEX.  

 

 

Figure 2.19 Image of AuNP-A08m sample after target incubation and centrifugation for 30 mins at 

14,000g. The target (OTA), a negative control (warfarin) and a blank sample (water) were tested. 

The pelleted AuNPs were re-suspended in solution (top) and a solution of 0.25 M NaCl was 

introduced to test salt-induced AuNP aggregation (bottom). 
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2.3.6 The impact of aptamer modifications on the efficacy of the AuNP bioassay 

 To investigate if aptamer modifications influence the interaction between ssDNA 

and AuNPs, various 5’ chemical modifications were tested with AuNP bioassay. First, 

unmodified A08m was compared to A08m modified with fluorescein (A08mF) or with 

biotin (A08mB). A08m modified with biotin appeared to protect the AuNPs more readily 

than the other analyzed A08m sequences (Figure 2.20). Considering the chemical 

structure of biotin, this is likely attributed to the strong interaction between sulfur and 

gold.  

Next, the AuNP bioassay results before and after separation of AuNP by 

centrifugation were compared. Figure 2.20 displays the difference in salt-induced AuNP 

aggregation for A08mF and A08mB before and after centrifugation. The centrifuged 

samples were re-dispersed in solution and a 0.25 M NaCl solution was added to each 

tube. Not only did this study support previous findings that suggested there a difference 

in salt induced aggregation between A08mF and A08mB, but this experiments suggests 

that centrifugation influences the interaction between A08m(F/B) and the AuNPs. Both 

modified A08m sequences appear to be affected by separation with centrifugation. 

Although preliminary and specific for the A08m sequence, these results indicate that the 

aptamer modification required for future applications should be involved during a AuNP 

based SELEX process. 
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Figure 2.20 Image of AuNP-A08m samples. Various aptamer modification were tested, biotin labeled 

(B), fluorescein labeled (F) and the unmodified sequence (U). The various modified A08m sequences 

were tested through the salt- induced aggregation assay without centrifugation (top). A08F and A08B 

were compared with (right) and without (left) centrifugation of the AuNPs at 14,0000 g for 30 mins 

(bottom). 

 

2.4 Conclusions  

 This chapter aimed to find a reliable separation method to act as a partitioning 

technique for a potential AuNP-based SELEX. Both filtration and gel electrophoresis 

presented a number of limitations. For example, due to the membrane matrix, available 

filtering systems, and the size of the AuNPs, filtration was not suitable. Similarly, the 

difference in size was not sufficient to achieve separation of ssDNA and ssDNA-AuNP 

conjugates via gel electrophoresis.  
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Centrifugation was the most promising of the investigated techniques. This 

method was able to estimate a capacity of citrate capped AuNPs for a 36 base DNA 

aptamer. Although ssDNA adsorption was apparent and the capacity of a DNA aptamer 

could be determined, the ability to remove ssDNA aptamers selectively for a specific 

small molecule target was a challenge. The amount of aptamer removed from the AuNP 

surface for a specific target was not significantly more than the amount removed for a 

water blank or negative control, suggesting that centrifugation as a separation technique 

results in the non-specific removal of aptamers from the gold nanoparticle surface.  

The colourimetric properties of the salt induced aggregation assay helped to 

assess the effects of the centrifuge on the interactions between ssDNA and AuNPs. The 

centrifugal force required to pellet the AuNPs out of solution, was found to negatively 

influence this interaction. More specifically, salt induced aggregation results suggested 

that the effect of the centrifuge during separation was related to the length of the 

sequence. Through centrifugation and salt-induced aggregation, this work supports the 

idea that longer DNA sequences are not removed from the AuNP surface as easily as 

shorter DNA sequences. Most importantly, the lack of specificity with centrifugation 

makes it unsuitable as a partitioning method for SELEX. This warranted the development 

of a novel core-shell nanoparticle platform for a quick, more gentle separation method 

(Chapter 3).   
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Chapter 3: Preparation and optimization of core-shell gold coated 

magnetic nanoparticles (Fe3O4-AuNPs) for biosensing assays  

 

3.1 Introduction  

3.1.1 Magnetic particles as a partitioning method  

  For decades, magnetic-based separation has been one of the most widely applied 

and versatile methods for partitioning samples in the field of biotechnology. However, 

magnetic-based separation applied to the field of bionanotechnology is relatively 

unexplored, having only gained recent popularity with the growth in nanotechnology.93 

Many common separation methods rely upon the difference in size, mass, or binding 

affinity of a sample. However, magnetic separation can be more useful and reliable due to 

the non-magnetic nature of most biomolecules.93 Furthermore, the quick and gentle 

nature of magnetic separation provides a number of advantages over other separation 

techniques such as centrifugation, filtration, or chromatography.  

 Magnetic particles in particular are attracting attention for use in biotechnology 

because of their versatility: they can be functionalized with various ligands93–95 (amines, 

carboxyls, etc) or coated with different materials96,97 (silica, cobalt, gold, etc). For 

example, a magnetic bead assay was developed to facilitate measuring the binding 

affinity of aptamers to small molecules.89,98 In this assay, the small molecule target is 

covalently immobilized to a magnetic bead. When the aptamer is introduced in solution, 

the aptamer sequences that bind to the target molecule on the magnetic bead can be 

separated from the non-binding aptamers when the magnetic beads are captured from 
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solution (Figure 3.1). Using magnetic beads with a highly crossed linked coating 

additionally reduces non-specific binding with the partitioning surface, thus providing a 

more accurate measurement of aptamer affinity.1  

   

Figure 3.1 Illustration of core-shell gold-coated magnetic nanoparticles (Fe3O4-AuNPs) as a 

partitioning method for small molecule SELEX. ssDNA (blue ribbon) adsorbed onto the surface of 

the AuNPs (purple spheres) can be separated from non-binding sequences that remain in the 

supernatant solution. 

 To achieve separation on biomolecules, magnetic nanoparticles must be drawn 

towards a magnetic source, ultimately allowing the particles to be removed from solution. 

To achieve this, the applied magnetic force (𝐹𝑚) must be greater than the particle 

diffusion and other combined forces (including gravitational, inertial, viscous and 

buoyancy). This can be described in the equation for the magnetic force (𝐹𝑚) exerted on a 

particle: 

 
𝐹𝑚 =

𝑉𝑝∆𝑥

𝜇0

(𝐵. ∇) 𝐵 
Equation 10 
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where 𝑉𝑝 is the volume of the particle (m3), ∆𝑥 is the difference between the magnetic 

susceptibility of the particle and the medium, 𝜇0 is the permeability of vacuum and B is 

the applied magnetic field (T).  

 From the equation, it is clear that several properties can be tuned to achieve 

successful magnetic separation. For example, the size and magnetisability of the 

nanoparticles determines the magnetic strength required to successfully capture the 

magnetic nanoparticles from solution. In addition, the viscous force exerted on the 

nanoparticles is influenced by concentration and the solubility of the particles or 

associated capping agent on the surface of the particle in solution.93 

 

3.1.2 Core-shell nanoparticles  

 A nanoparticle of one material (inner core) can be coated with another material 

(outer shell) to form a nanoparticle with a core-shell structure consisting of two different 

materials. This system is advantageous as it provides a single nanoparticle with multiple 

functions and overall increased functionality of the system. For example, an otherwise 

non-magnetic material such as gold, cobalt or silica could be combined with iron oxide in 

a core-shell model, to obtain magnetic properties.97 Due to the multi-functionality of 

these nanostructures, core-shell nanoparticles are growing in popularity for a wide range 

of applications including biomedical99,100 and pharmaceutical101 applications, 

catalysis52,102, electronics103,104 and enhancing photoluminescence105–107. From a more 

specific standpoint, biotechnology has benefited from the use of core-shell nanoparticles 

in drug delivery and release100,108,109, bioimaging100,110,111, and biosensing112,113. As an 
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example, coating otherwise toxic nanoparticles with a biocompatible material facilitates 

biocompatibility and in vivo applications.114 

An important feature of the core shell nanoparticle structure is that the chemical 

or physical properties of a nanoparticle surface can be altered without losing the 

properties provided by the core material.115 For instance, porous silica has been used to 

control drug delivery, while magnetic iron oxide cores have been used for imaging.116 

However, the interface of the core and shell also influences the chemical and physical 

properties.117,118 Thus, the final properties of the core-shell nanoparticle must be carefully 

characterized and considered based on the application on interest.   

 Core-shell nanoparticles may differ in size, shape, thickness, surface morphology, 

and materials. They also may differ by their coverage. Some examples include spherical, 

hexagonal, multiple small core, movable core and nanomatryushka. However, the 

complete covering of a spherical nanoparticle with another material, known as concentric 

spherical, is currently the most common form of core-shell nanoparticles. In terms of 

materials, core-shell nanoparticles can be divided into the following categories: 

inorganic/inorganic, organic/organic, inorganic/organic or organic/inorganic. Among the 

various types of core shell nanoparticles, inorganic/inorganic core-shell nanoparticles are 

the most commonly studied.97 

 The resulting size and coating of the core shell nanoparticle is very important to 

control for particular application. For example, size is inversely proportional to specific 

surface area and the energy gap between the valence and conductance bands. Therefore, a 

smaller nanoparticle can provide greater optical and quantum mechanical properties 

through an increase in the nanoparticle’s specific surface area and energy band gap.97,119 
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Furthermore, in vivo applications such as bioimaging and drug delivery require a core-

shell nanoparticle that is less than 50-100 nm in size.  This is because small nanoparticles 

(<50 nm) are able to accumulate in tumors, which is a primary in vivo bioimaging 

application of core shell magnetic nanoparticles.97,120 While synthesis of inorganic core 

shell nanoparticles can be achieved using a variety of chemical methods such as 

reduction121,122, hydrolysis121,122, microemulsion123, thermal (solvo or hydro)124–126, and 

precipitation127,128, unfortunately, synthesizing small core-shell nanoparticles with a 

uniform coating and size distribution is challenging.97 A number of parameters have been 

reported to control the size and coating of core-shell nanoparticles. Among these, 

temperature in the presence of core surface modification is commonly used to control the 

reaction kinetics during core-shell nanoparticle synthesis.97 For example, Xuan et al. 

showed that a low temperature is generally used to achieve a uniform shell coating when 

the core nanoparticle surface is modified.125     

 

3.1.2.1 Core-shell gold-coated magnetic nanoparticles (Fe3O4-AuNPs)  

 There are several chemical and physical properties that currently limit the 

potential of magnetic nanoparticles in certain applications. First, magnetic nanoparticles 

have relatively low electrical conductivity and poor optical properties.129,130 Second, 

magnetic nanoparticle have a large surface area to volume ratio and a low surface charge 

(at neutral pH). As a result, they are unstable and often aggregate in solution.130,131 

Finally, these particles are not easily functionalized due to their restricted compatibility 

with a number of surface chemistry modifications. Which limits the stability of magnetic 

nanoparticles in solution and their use in biosensor applications.130,132  
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 Using core-shell nanoparticles can resolve these aforementioned limitations, 

without losing the magnetic properties of the nanoparticle. For example, if a magnetic 

nanoparticle (core) is coated (shell) with a noble metal such as Au, the magnetic 

properties should be maintained. However, the core-shell nanoparticle surface also 

exhibits the chemical and physical surface properties associated with gold. This enhances 

the nanoparticle biocompatibility133,134, bioaffinity135, optical properties136, chemical 

stability137, and conductivity130,138. This has resulted in the use of core-shell gold coated 

magnetic nanoparticles in a variety of applications; including bioseparation134, 

electrochemical sensors139, bioimaging140 and targeted delivery130,141.  

 There are a number of reported methods for the synthesis of core shell Fe3O4-

AuNPs including hydroxylamine seeding135, reverse micelle142, ϒ-ray radiation143, laser 

ablation144, sonochemical145 and wet chemical reactions146, layer-by-layer electrostatic 

deposition147, and photochemical reduction148,149. However, many of these methods 

produce large core-shell particles (approximately 60 nm) or involve pre-formed AuNPs 

as a precursor in the reaction.149 More recently, the sequential formation of Fe3O4 core 

and Au shell has been documented to successfully produce monodispersed, well-defined 

core-shell Fe3O4-AuNPs with an average size of 5-15 nm (and Au coating of 0.5- 2.0 

nm).124 

 

3.1.2.1.1 Synthesis of Fe3O4 by solvothermal methods  

  First, magnetic nanoparticles must be synthesized as the core material.  

Commonly, magnetic nanoparticles are synthesized using solvothermal methods. 

Recently, Wang et al. reduced Fe(acac)3 with 1,2- hexadecanediol in the presence of two 
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capping agents, oleic acid and oleylamine to produce Fe3O4 seeds.124 While several other 

methods have been reported, the thermal deposition of Fe(acac)3 in a high temperature 

boiling organic solvent results in the production of stable, mono-disperse Fe3O4 

nanoparticles. Furthermore, including oleic acid and oleylamine as capping agents was 

shown to control the formation, stability, and future coating of Fe3O4 nanoparticles.149 

Finally, the synthesis temperature synthesis and the ratio of oleic acid to oleylamine 

allows the size of Fe3O4 nanoparticles to be fine-tuned, permitting the formation of Fe3O4 

nanoparticles at various sizes. Oleylamine acts as both a capping and reducing agent 

simultaneously. The combination of oleylamine with other reducing agents has been 

shown to improve the overall synthesis and uniform formation of Fe3O4 nanoparticles at 

various sizes.124,149 

 

3.1.2.1.2 Direct Au coating of Fe3O4 nanoparticles 

 Synthesized magnetic nanoparticles can be coated with Au to form core-shell 

Fe3O4-AuNPs. This simple synthetic process in organic solvent, is found to successfully 

achieve a thin, uniform coating of gold on pre-synthesized magnetic nanoparticle (< 

7nm). When Au(CH3COO)3 is reduced by 1,2- hexadecanediol, gold is deposited on the 

surface of the pre-formed Fe3O4 nanoparticles. If the surface of Fe3O4 nanoparticles is 

modified with oleylamine and oleic acid, these capping agents must be removed from the 

surface for gold to be deposited as a shell. The partial desorption of the capping agents 

from the core nanoparticle relies upon a thermally active process and requires a 

temperature between 180- 190°C. As this is a thermal process, the reaction temperature 

significantly affects the success of the core-shell nanoparticle formation. The following 
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describes the coating process; (A) Au(CH3COO)3 is reduced by 1,2- hexadecanediol in 

the presence of oleic acid and oleylamine at a temperature of 180-190°C, (B) thermally 

active partial desorption of the capping layer occurs, (C) the reduction of Au(CH3COO)3 

results in deposition of Au on the surface of the exposed surface of the magnetic 

nanoparticles, and (D) the re-encapsulation of the Au shell with oleylamine and oleic acid 

(Figure 3.2).124,149  

 

Figure 3.2 Illustration the coating process; (A) Au(CH3COO)3 is reduced by 1,2- hexadecanediol in 

the presence of oleic acid and oleylamine at a temperature of 180-190°C, (B) thermally active partial 

desorption of the capping layer occurs, (C) the reduction of Au(CH3COO)3 results in deposition of Au 

on the surface of the exposed surface of the magnetic nanoparticles, and (D) the re-encapsulation of 

the Au shell with oleylamine and oleic acid 

 

3.1.3 Phase transfer of inorganic nanoparticles  

 Often, synthesized nanoparticles must be transferred from a non-polar to polar 

solvent or vice versa to be suitable for the application-of-interest. In particular, some 

successful reducing and capping agents used for the synthesis of core-shell nanoparticles 

are organic and non-polar; often this environment is preferred for synthetic ease and 

success.124,150 However, biotechnology applications typically require a polar, aqueous 

solvent, such as water.2,64,65 Unfortunately, removing a nanoparticle’s capping agent 
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quickly or without replacement can result in aggregation or agglomeration. Similarly, the 

dispersion of nanoparticles in a solvent unsuited for the current surface modification 

results in the same loss. Thus, a method to transfer the synthesized nanoparticles from an 

organic phase to aqueous solution is desired.151 

  Many phase transfer techniques have been reported that alter the solubility of 

nanoparticles without losing the stability provided by surface modifications. 

Functionalization152, ligand exchange153, and electrostatic interactions154 are exploited to 

develop a number of nanoparticle phase transfer methods. It has been reported that 

transferring synthesized nanoparticles post synthesis, with additional stabilizing agents, is 

beneficial. Although this requires two separate steps for synthesis and transfer, there is 

greater control over particle size, shape and dispersity.151 Maintaining stability while 

transferring nanoparticles from one phase to another is a challenge. Therefore, 

understanding and improving these methods is required to expand the versatility of 

nanoparticle solubility, while preserving the stability of the synthesized nanoparticles.151 

 

3.1.3.1 Phase transfer of Fe3O4-AuNPs using DMAP 

  Previously reported ligand exchange methods for the phase transfer of AuNPs 

from organic solvent to aqueous media and vise versa were limited by reaction time.155 

To address this, Gittins and Caruso reported a rapid ligand exchange phase transfer of 

AuNPs which utilizes 4-dimethyl(amino)pyridine (DMAP) as a capping and stabilizing 

agent. In this work, AuNPs previously synthesized and capped with tetraalkyl ammonium 

salts were effectively transferred into water with the use of DMAP (Figure 3.3). Gittins 

and co-workers proposed that DMAP crosses the solvent barrier and forms a labile 
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acceptor-donor complex with the metal surface atoms.156 It is found that DMAP interacts 

with the gold nanoparticle surface through the endocyclic nitrogen. This arrangement 

directs the exocyclic nitrogen outwards, away from the nanoparticle, resulting in a 

positive surface charge (Figure 3.4). The ligand exchange and subsequent surface charge 

triggers the transfer of the nanoparticles into the aqueous layer (Figure 3.5).157 

 

Figure 3.3 Chemical structure and resonance form of 4-di(methylamino)pyridine (DMAP). This 

figure illustrates the orientation of DMAP on the AuNP surface. 
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Figure 3.4 Illustration of the reported ligand exchange phase transfer of AuNPs from toluene 

(capped with tetramethylammonium bromide (TAOB)) using DMAP  

 

 Recently, DMAP has been reported to be a versatile ligand for gold nanoparticle 

stabilization and nanoparticle transfer. When considering replacing oleylamine and oleic 

acid with DMAP, the bond strength between the ligands and the gold nanoparticle surface 

must be compared. Adsorption of the endocyclic nitrogen of DMAP, is proposed to 

displace of the primary amine of oleylamine on the AuNP surface through a ligand 

exchange. Compared to the primary amine of oleylamine, DMAP creates a stronger bond 

with the gold atoms on the nanoparticle surface. This is attributed to the charge 

localization of the DMAP conjugate acid, which raises the energy of the lone pair on the 

nitrogen atom.157 The position of the ligand’s HOMO and LUMO orbitals in relation to 

the Fermi level of Au determines the strength of the Au-ligand interaction. This is further 

explained by the Hard-Soft Acid-Base theory.158 When metals (including Au) are in a 0 
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oxidation state, they are considered a soft acid.159,160 HSAB classifies DMAP as a 

borderline to soft base, while the primary amine of oleylamine is a relatively hard base. 

Therefore, a soft base, like DMAP, interacts more strongly with the gold nanoparticle 

surface in comparison and will likely replace oleylamine via phase transfer.  

 

 

Figure 3.5 Illustration of the purposed ligand exchange phase transfer of AuNPs from hexanes 

(capped with oleylamine and oleic acid) into aqueous solution using DMAP 

 

3.1.4 Characterization of core-shell nanoparticles  

 The advancement of nanoparticle synthesis has resulted a need for reliable 

characterization techniques. There are many methods to characterize nanoparticles. 

Common examples include high resolution transmission electron microscopy (HRTEM) 

with Energy-dispersive X-ray spectroscopy (EDS), X-ray diffraction (XRD), and UV-Vis 

absorption spectroscopy (UV-Vis).150 Briefly, HRTEM is capable of imaging 
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nanoparticles by transmitting a high energy beam of electrons through a sample161, XRD 

determines the crystallinity of the material based on Bragg’s law162 and UV-Vis 

determines the SPR absorption of the nanoparticle163. Typically, HRTEM is used as it can 

observe the size, dispersion, and single particle composition, which are particularly 

important for core-shell species. Furthermore, when the sample is exposed to a high 

energy electron source through HRTEM, EDS can provide spatially resolved elemental 

data of the sample by analyzing emitted X-rays.161 Although HRTEM is the most 

commonly used technique for core-shell nanoparticle analysis, other characterization 

techniques such as UV-Vis and XRD are often used to support the HRTEM results.150  

 

3.1.5 Chapter objectives 

 This core-shell Fe3O4-AuNP model is attractive as a quick and gentle separation 

method for our SELEX application. Therefore, the goal of this chapter was to obtain 

Fe3O4-AuNPs and investigate this platform as a possible SELEX partitioning method. 

The magnetic core allows the position of the nanoparticle in solution to be controlled 

with an external magnetic field. Simultaneously, the gold shell provides the necessary 

surface properties and biocompatibility to mimic AuNP-based aptasensors. The size of 

the formed core-shell Fe3O4-AuNPs is important to consider for our SELEX application, 

as we aim to mimic future testing conditions in which 13-15 nm sized AuNPs are used. In 

addition, the synthesized Fe3O4-AuNP must be monodisperse and stable in solution.  We 

first characterized purchased Fe3O4-AuNPs with additional HRTEM and EDS analysis. 

Our analysis suggested that the purchased nanoparticles were not Fe3O4-AuNPs but some 

variation of two separately formed individual nanoparticles (Fe3O4 nanoparticles and 
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AuNP). Upon determining this irregularity, we investigated previously reported methods 

to synthesize Fe3O4-AuNPs with the necessary properties. The core Fe3O4 nanoparticle 

was prepared in a high temperature boiling organic solvent. Compared to other Fe3O4-

synthesis methods, this method is found to yield stable, monodisperse Fe3O4 

nanoparticles.150 Furthermore, these Fe3O4 core nanoparticles are stabilized with a 

capping agent, which can easily be coated with Au through a thermal process to produce 

small, uniform core-shell nanoparticles. The synthesized Fe3O4-AuNPs were 

characterized with HRTEM with EDS and UV-Vis absorption spectroscopy. Although 

this method is reported to successfully synthesize small, uniform Fe3O4-AuNPs, our 

application requires that the nanoparticles be transferred to an aqueous media. Previously 

reported phase transfers resulted in aggregation and loss of product.164 This led us to 

investigate DMAP ligand exchange as a more gentle phase transfer technique.151,156,157 

The transferred DMAP capped Fe3O4-AuNPs were validated through HRTEM with EDS, 

UV-Vis spectroscopy, and solubility tests.  

 

3.2 Experimental  

3.2.1 Materials 

 Iron (III) acetylacetonate (Fe(acac)3), 99%, oleylamine (70%), oleic acid (99%), 

phenyl ether (99%), anhydrous sodium citrate (99%) , 4-dimethyl(amino)pyridine (99%) 

and other solvents (hexanes, toluene and absolute ethanol) were purchased from Sigma-

Aldrich (Oakville, ON, Canada). 1, 2- hexadecanediol was purchased from VWR 

(Mississauga, ON, Canada). Gold (III) acetate (Au(ac)3) was purchased from Alpha 

Aesar (Haverhill, Massachusetts, USA). 300 mesh x 83 μm pitch copper TEM grids were 
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purchased from Ted Pella (Redding, CA, USA). All glassware used for the Fe3O4-AuNP 

synthesis was washed with aqua regia (3:1 mixture concentrated HCl/HNO3) and rinsed 

thoroughly with deionized water. The glassware was then rinsed with acetone before 

being dried in an overnight or until used for synthesis. Unless otherwise specified, all 

synthetic procedures were performed using standard Schlenk techniques under an argon 

(5.0, 99.999 %) atmosphere. 

3.2.2 Synthesis of gold-coated magnetic nanoparticles (Fe3O4-AuNPs) 

3.2.2.1 Preparation of iron oxide (Fe3O4) nanoparticles  

 0.71 g of Fe(acac)3 was dissolved in 20 mL of phenyl ether with 2 mL of oleic 

acid and 2 mL of oleylamine with vigorous stirring. Once dissolved, 2.58 g of 1, 2- 

hexadecanediol was added in one portion and a water cooled condensing column was 

fitted to the flask. The solution was slowly heated to 210°C, and kept at reflux for 2 hours 

at this temperature. After 2 hours, the bright red suspension appeared dark brown in 

colour, and was allowed to cool to room temperature under argon overnight. 

 

3.2.2.2 Coating Fe3O4 with gold to synthesize Fe3O4-AuNPs  

 10 mL of previously prepared Fe3O4 in phenyl ether was added to 30 mL of 

phenyl ether with vigorous stirring. To this solution, 0.83 g of Au(ac)3,3.1 g of 1,2-

hexadecanediol 0.5 mL of oleic acid and 3 mL of oleylamine were added. This 

suspension was then heated slowly (10°C/ min) until 180- 190°C and maintained at this 

temperature under reflux for 3 hours. The solution was allowed to cool to room 

temperature under argon overnight. 5 mL of the solution was transferred to a 125 mL 
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Erlenmeyer flask and 15 mL of ethanol was added to it. . The solution was agitated gently 

resulting in a visible aggregation of the nanoparticles, and the flask was then placed on 

top of 6 rare earth magnets for 5-10 mins to magnetically separate the particles from the 

supernatant solution. The supernatant solution was decanted as waste and the precipitated 

nanoparticles were washed three times with 15 mL of absolute ethanol. The nanoparticles 

were then redispersed in a solution of 10 mL of hexanes, 0.25 mL of oleic acid and 0.25 

mL of oleylamine. This procedure was repeated multiple times to obtain 3 samples of 

Fe3O4-AuNPs in hexanes. Solutions appeared dark red-purple in colour, and were stored 

in glass covered by foil at room temperature.  

 

3.2.2.3 Organic-aqueous phase transfer of Fe3O4-AuNPs nanoparticles  

 The following methods were not performed under Ar.  

 

3.2.2.3.1 Sodium citrate ligand exchange  

  5 mL of prepared Fe3O4-AuNPs in hexanes was precipitated by magnetic 

separation using 15 mL of ethanol. The nanoparticles were washed 3 times with 15 mL of 

100% ethanol and redispersed in 3 mL of TMAOH. 0.04 g of sodium citrate is added and 

the pH of solution was slowly adjusted to approximately 6.5 with dilute HCl using a pH 

meter. The solution was sonicated at room temperature for 15 mins. The nanoparticles 

were then collected on a magnet and redispersed in Milli-Q deionized water and 

sonicated for 5 mins at room temperature. Alternatively, the nanoparticles where 

redispersed in 3 mL of TMAOH containing 0.04 g of sodium citrate, and 3 mL of 
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TMAOH containing 0.4 g of sodium citrate. The TMAOH was also added drop wise and 

to nanoparticles in ethanol incrementally.  

 

3.2.2.3.2 4-(Dimethylamino)pyridine (DMAP) phase transfer  

 0.5 M DMAP solution was prepared by adding 0.68 g of DMAP into 1 mL of 

Milli-Q water. 1 mL of Fe3O4-AuNPs was added to a 1 mL aliquot of 0.5 M aqueous 

DMAP solution in a glass vial. Two phases were observed, a dark purple hexane layer 

(top) and a clear aqueous layer (bottom). The phases were thoroughly mixed with 

vigourous stirring for 1 hour. At this time, the top hexane layer appeared light purple to 

clear and the bottom aqueous layer appeared dark purple suggesting that the nanoparticles 

were successfully transferred into aqueous solution. The bottom layer was transferred to a 

new glass vial and purified by washing the nanoparticles with a 0.5 M DMAP solution 

via magnetic separation.  

 

3.2.3 Fe3O4-AuNPs characterization  

 

3.2.3.1 UV-Vis spectroscopy  

 Fe3O4-AuNPs were prepared as described in section 3.2.2.  The UV-Vis 

absorption characterization of the Fe3O4-AuNPs was performed using a Cary 300 Bio 

UV-Visible spectrophotometer (Varian, Santa Clara CA). 
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3.2.3.2 Transmission electron microscopy (TEM) 

 Fe3O4-AuNPs were prepared as described in section 3.2.2. and analyzed at each 

step during synthesis. Transmission electron micrographs were taken with a FEI Technai 

G2 F20 TEM at the Carleton University Nano-imaging Facility, with a field emission 

source at a voltage of 200 kV using Gatan Microscopy Suite 2V. All images were taken 

on dry 300 mesh x 83 μm pitch carbon coated copper TEM grids at room temperature. 

Grids were prepared by placing 4 μL of Fe3O4-AuNP (in various solvents) on a TEM 

grid. The TEM grids were allowed to dry for 4 -24 hours depending on the solvent. 

Images were taken at 1-2 μm, 100- 200 nm and 5- 10 nm for each grid.  

 

3.2.3.2.1 TEM Energy-dispersive X-ray spectroscopy (TEM/EDS) 

    EDS of each Fe3O4-AuNPs sample was taken at a 20 degree take off angle with 

an Oxford X-max 80mm EDS detector using Aztec software.  

 

3.2.3.3 Fe3O4-AuNPs size distribution analysis and lattice spacing 

 Transmission electron micrograph images were analyzed for nanoparticle size 

distribution using Image J software. The scale of the image was reset to the known scale 

of the TEM image. Bandpass filter and threshold were used to improve the resolution of 

the image for analysis. The area of each nanoparticle was determined with the 

nanoparticle analysis function. Using excel, the area of each nanoparticle was converted 

to diameter. A histogram was assembled for the frequency of each nanoparticle diameter. 
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The average nanoparticle diameter with standard deviation for a number of nanoparticles 

was calculated. 

 

3.3 Results and Discussion  

 

3.3.1 Characterization of purchased Fe3O4-AuNP  

 Magnetic gold nanoparticles (Fe3O4-AuNPs) were purchased (Nitparticles of 

Nitimmunotech, Spain). The company provided a scanning electron microscopy (SEM) 

image and UV-Vis absorption spectrum of the product (Figure 3.6). Since the purchase of 

this product, the company has added high resolution transmission electron microscopy 

(HRTEM) characterization to the documentation datasheet (Figure 3.6).165  

 Upon obtaining this sample of Fe3O4-AuNPs, it was further characterized by 

TEM/EDS. Figure 3.7 suggests the presence of two separate, co-existing nanoparticles 

within the same solution. Documented characterization provided by the company, such as 

SEM and UV-Vis, would not necessarily display uncoated iron oxide nanoparticles that 

are visible with TEM/EDS. This is due to the low density of iron oxide relative to gold. 

The provided HRTEM was not accompanied with EDS analysis which is a shortcoming 

in the data. 
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Figure 3.6 Obtained documentation of purchased Fe3O4-AuNPs including an illustration of the 

citrate capped core-shell Fe3O4-AuNPs (top left), SEM image (top right), HRTEM (bottom left) and 

UV-Vis absorption spectrum (bottom right).  

 

Our analysis was not consistent with the documentation provided by the company. 

These nanoparticles were analyzed by HRTEM/EDS and found to be iron oxide 

nanoparticles without gold-coating and gold nanoparticles without an iron oxide core 

(Figure 3.7-3.8). As the reported synthesis included purification by magnetic separation, 

AuNPs without a magnetic core should be removed from the final product. With this 

considered, there is a chance that the larger particles are bound to magnetic particles, but 

are not core-shell structures. The reported molar concentration of the purchased product 
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is 0.05 nM with a particle concentration of 3.2x10-10 particles/mL.165 At this 

concentration, the colloidal suspension of Fe3O4-AuNPs was a clear solution by eye. This 

relatively low concentration would be an inefficient separation or partitioning method, 

since most biomolecular interactions have dissosication constants (Kd values) in the high 

nanomolar range. In particular, SELEX begins with 1000 pmol of DNA, and thus 25 

pmol of these purchased nanoparticles would be required as a platform. Therefore, one 

round of selection would require a 50 L volume of the nanoparticles at this concentration.  

A final challenge encountered upon the analysis of the nanoparticles can be seen 

in the TEM/EDS results. Specifically, the samples displayed multiple impurities 

including cobalt, tin and vanadium. Such impurities may impede the separation 

effectiveness of the nanoparticles, or may lead to the isolation of aptamers to the 

contaminant molecules rather than the desired AuNP surface (Figure 3.9). 

 

 

Figure 3.7 TEM analysis of purchased Fe3O4-AuNPs with various scale bars, 500 nm (A), 200 nm (B) 

and 100 nm (C).  
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Figure 3.8 TEM image with corresponding EDS analysis; EDS 1 of darker nanoparticles (top) and 

EDS 2 of lighter nanoparticles (bottom), of purchased Fe3O4-AuNPs with a 100 nm scale bar  
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Figure 3.9 Example TEM images with corresponding EDS analysis of contamination within the 

purchased Fe3O4-AuNP sample with 100 nm and 200 nm scale bars   

 

 Based on the poor overall quality of the purchased nanoparticles: exposed Fe3O4 

surfaces, low sample concentration, and the possible inclusion of other impurities such as 
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Ti, V and Co; these nanoparticles were determined to be insufficient for our purposes as a 

separation method for small molecule SELEX. 

 

3.3.2 Optimization and characterization of Fe3O4-AuNP synthesis  

3.3.2.1 Characterization techniques for synthesized Fe3O4-AuNPs 

 As previously described, synthesized core-shell nanoparticles can not be judged 

without comprehensive characterization. High-resolution transmission electron 

microscopy (HRTEM) is a valuable source of characterization, however contrast between 

the core and shell of synthesized Fe3O4-AuNP is often difficult to achieve through this 

technique. As previously mentioned, TEM is a technique capable of imaging 

nanoparticles by transmitting a high energy beam of electrons through a sample. The 

image is produced by differences in how the electrons are transmitted through a sample, 

which varies with crystallinity, atomic mass or thickness. Nanoparticles are an example 

of a specimen suitable for TEM analysis, as the product is very thin (<100 nm). Scanning 

electron microscopy (SEM) is used to analyze samples, including nanoparticles, by 

scanning a sample with a focused beam of electrons. Compared to TEM, SEM works by 

analyzing how the electrons interact with the atoms at the surface of a sample to relay an 

image. Although SEM is able to image the depth of a bulk sample to produce a 3-

dimensional image, SEM is approximately an order of magnitude less sensitive than 

TEM and only analyzes the surface of a sample. Therefore, core-shell nanoparticles are 

not well suited for SEM and require analysis with HRTEM. Crystallography and 

composition analysis can be useful information; however, this analysis only provides the 

composition of the entire sample and not a single core-shell nanoparticle. For example, 
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X-ray diffraction (XRD) determines the crystalline material within a sample by exposing 

a sample to a high energy source of electrons and analyzing the diffracted angle via 

Bragg’s law. Therefore, this technique can be used to compare the crystalline 

composition of Fe3O4, Au and Fe3O4-AuNPs and conclude the presence of core-shell 

particles. However, this analysis is also inconclusive in determining if the Au is coating 

the Fe3O4, and if the entire sample of Fe3O4 is evenly coated with Au. In some cases, the 

Fe3O4 diffraction peaks are absent when characterizing Fe3O4-AuNPs with XRD 

analysis.150 This is attributed to the effects of gold as a heavy atom in comparison to 

Fe3O4, and explains further the difficulties with XRD as a characterization method for 

this core-shell product. Therefore, XRD results are somewhat inconclusive as this method 

confirms the presence of both Fe3O4 and Au in a sample, but not the composition of each 

nanoparticle individually. Similarly, electron dispersive X-ray spectroscopy (EDX), also 

known as EDS is unable to conclude that Fe3O4 is coated with Au within a single particle 

due to the depth sensitivity of the tool. This method is similar to XRD, however can 

theoretically provide elemental analysis of a single particle with HRTEM. The X-ray 

diffraction pattern on the surface of the nanoparticle is imaged by HRTEM and can be 

estimated with external software to assess the presence of gold. The lattice spacing for 

Au is 0.235 nm. In addition, a UV-Vis absorption spectrum of the core- shell 

nanoparticles can be insightful. Compared to AuNPs of the same size, a core Fe3O4 

results in a slight red shift in the absorption, which can support other characterization 

methods. A thinner coating of Au on the Fe3O4 nanoparticles results in a spectrum that 

experiences a larger red-shift from that of AuNPs (~525 nm). This shift results in 

absorption of approximately 530- 540 nm for core- shell Fe3O4-AuNPs depending on the 
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thickness of the Au shell, which can be explained by Mie theory.54,166 As previously 

mentioned, the UV-Vis absorption depends upon the SPR of the nanoparticle. Simply, 

Mie theory outlines the absorption and scattering of electromagnetic waves of light by 

uniform particles. A core-shell structure alters this scattering, with the bimetallic 

difference in material throughout the nanoparticle. The SPR of the overall system is 

affected, which results in a UV-Vis absorption shift.  

3.3.2.2 Controlling temperature during synthesis improves gold coating  

 The initial synthesis of Fe3O4-AuNPs was based upon a previously reported 

procedure by Robinson and co-workers.164 However, the goal of their work was to study 

the interaction between synthesized Fe3O4-AuNPs and thiolated DNA. We wanted to test 

whether the same procedure would be useful in the context of non-thiolated DNA 

aptamers. This study found that synthesizing Fe3O4-AuNPs nanoparticles with organic 

capping agents such as oleic acid, oleylamine and 1,2-hexadecanediol, compared to using 

aqueous based capping agents in other methods, is advantageous. In particular, while the 

synthesis, composition and characterization of Fe3O4-AuNPs was previously challenging, 

this approach has successfully provided stable, highly-monodisperse core-shell 

nanoparticles. Therefore, we performed, adapted and optimized this synthesis strategy to 

develop Fe3O4-AuNPs. 

In our first synthesis of Fe3O4 nanoparticles, the solution was refluxed for 2 h at 

180-190 °C as reported by Robinson et al.164 This resulted in aggregated Fe3O4 

nanoparticles with a non-uniform size distribution (Figure 3.10). However, because 

diphenyl ether was used as the synthesis solvent  (boiling point of 258°C), we performed 

a second reaction with an increased reaction temperature (from 190°C to 258°C) to test 
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the effect of temperature on our synthesis. This change in temperature did not result in a 

significantly more mono-disperse Fe3O4 sample (Figure 3.11). 

   

Figure 3.10 TEM images with 500 nm, 100 nm and 50 nm scale bars of synthesized Fe3O4 (batch 1) 

nanoparticle product from initial synthesis  
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Figure 3.11 TEM image with corresponding EDS analysis with a 100 nm scale bar of synthesized 

Fe3O4 (batch 1) nanoparticle product from initial synthesis 
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 As previously mentioned, it is reported that temperature is important for the gold 

coating process. To coat Fe3O4 with gold, we quickly heated the solution to 180-190°C 

under N2 with vigorous stirring for 1.5 hours. Unfortunately, during this coating process, 

the temperature rapidly increased to 215-230°C. The resulting sample was characterized 

using TEM/EDS analysis. Figure 3.12 displays that mono-disperse coating of Fe3O4 with 

gold was unsuccessful, instead showing two distinct sizes of nanoparticles present in 

solution. These results are similar to that of the purchased Fe3O4-AuNPs. It is likely that 

some Fe3O4-AuNPs are present in solution, due to magnetic purification during synthesis. 

However, the size distribution of these particles is extremely non-uniform and it is 

possible that uncoated Fe3O4 or AuNPs without a magnetic core remain in solution.   

 Next, the two populations of nanoparticles were analyzed by TEM/EDS in an 

attempt to characterize and understand their composition. EDS analysis (Figure 3.13) of 

both the smaller and larger particles indicated peaks present that are characteristic to both 

iron and gold. However, EDS analysis of Fe3O4-AuNPs compared to Fe3O4 next to 

AuNPs is questioned. The second population had a documented iron weight percentage 

(wt%) 0.1-0.2 higher than, which is more than the amount of iron found within the TEM 

grid and is therefore distinctive of Fe3O4. Taken together, we propose that the synthesis 

yielded a population of smaller nanoparticles that are core-shell Fe3O4-AuNPs, as well as 

a population of larger particles that are AuNPs without a magnetic core. Therefore, at this 

point during the synthesis, it is possible that AuNPs without a magnetic core may remain 

in solution during magnetic separation. In order to improve the synthesis of Fe3O4-

AuNPs, the size distribution and composition of nanoparticles must be improved. 

Although the composition and successful gold coating of Fe3O4 can be improved during 



 90 

synthesis, uncoated Fe3O4 (AuNPs without a magnetic core) could potentially be 

separated from solution during a post synthesis phase transfer. This being said, size 

distribution of the synthesized Fe3O4-AuNPs must be improved during synthesis. It is 

reported that the temperature during synthesis is of most importance for stable, mono-

disperse nanoparticles.124,150 During the initial synthesis of Fe3O4-AuNPs it was observed 

that the temperature reached approximately 215-230°C very quickly, before the 

temperature was eventually reduced to 180-190°C within the 1.5 hour reaction. This 

rapid temperature spike during the reaction was assumed to be the main fault during this 

specific synthesis of Fe3O4-AuNPs.  
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Figure 3.12 TEM image with corresponding EDS analysis; EDS 1 of smaller nanoparticles (top) and 

EDS 2 of larger nanoparticles (bottom), of synthesized Fe3O4-AuNPs (batch 1) with a 100 nm scale 

bar  

 

 

Figure 3.13 TEM image with corresponding EDS analysis of synthesized Fe3O4-AuNPs (batch 1) with 

a 100 nm scale bar 
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 We next examined whether strictly maintaining the solution at 180-190°C for 1.5 

hours would improve the formation of Fe3O4-AuNPs (Figures 3.14-3.15). TEM/EDS 

found that the Fe3O4-AuNPs resulting from this synthesis appear to be more uniform and 

consistent in comparison original synthesis (Figures 3.12-3.13). However, there is a large 

variance in the size of the synthesized Fe3O4-AuNPs (Figure 3.16-3.17). Furthermore, the 

composition of the nanoparticles is still inconsistent. TEM/EDS analysis shows that there 

is a mix of Fe3O4-AuNPs, Fe3O4 and AuNPs without a magnetic core.  Through 

TEM/EDS, most of the synthesized nanoparticle were found to be either uncoated Fe3O4 

or AuNPs without a magnetic core. Since the formation of Fe3O4-AuNPs was not 

prevalent, the synthesis was found to be unsuccessful. Nonetheless, we conclude that 

reaction temperature on size distribution and uniform coating of gold is an important 

source of improvement.    
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Figure 3.14 TEM image with corresponding EDS analysis of synthesized Fe3O4-AuNPs (batch 2) with 

a 100 nm scale bar. EDS 1 of darker nanoparticles (top) and EDS 2 of lighter nanoparticles (bottom). 

 

Figure 3.15 TEM image with corresponding EDS analysis of synthesized Fe3O4-AuNPs (batch 2) with 

a 10 nm scale bar 
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Figure 3.16 TEM image of synthesized Fe3O4-AuNPs (batch 2) (A) used for size distribution analysis 

outline (B) and area of nanoparticles (C) 

 

Figure 3.17 Histogram of synthesized Fe3O4-AuNPs (batch 2) with associated average diameter of the 

nanoparticles, standard deviation and number of particles analyzed. TEM image was analyzed with 

ImageJ software for the area of the nanoparticles. 
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3.3.2.3 A controlled increase further improves coating and distribution 

 A more controlled and incremental temperature increase throughout the synthesis 

was tested. Specifically, the Fe3O4  synthesis was preformed under reflux for 2 hours at 

210 °C as reported by Wang and co-workers.124 TEM/EDS analysis of Fe3O4 

nanoparticles synthesized under these specific temperature conditions (Figures 3.18-3.19) 

showed more uniform and mono-disperse nanoparticles compared to the previous batch 

(Figure 3.11, 3.19). The TEM/EDS analysis also indicated an average diameter of the 

synthesized Fe3O4 to be 5.96 nm (σ= 0.23 nm, n=7) (Figure 3.18). Although the size of 

the synthesized Fe3O4 nanoparticles is approximately 1 nm smaller than that reported (the 

expected diameter of the Fe3O4 nanoparticles is 6.7 nm124,164), the difference in average 

diameter is not as important as mono-dispersion when considering coating the 

synthesized Fe3O4 with gold. The thickness of the gold is negligible as the core-shell 

structure of the nanoparticle is the crucial factor for our AuNP SELEX application. 

TEM/EDS analysis and estimated size distribution display the effects of reaction 

temperature on the formation of Fe3O4 nanoparticles. The synthesis was found to be 

successful and the synthesized Fe3O4 nanoparticles were subsequently coated with gold. 
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Figure 3.18 TEM image of synthesized Fe3O4 nanoparticles (batch 2) with a 50 nm scale bar and 

representation of the estimated diameter of the synthesized nanoparticles   

 

3.19 TEM image with corresponding EDS analysis of synthesized Fe3O4 nanoparticles (batch 2) with 

a 100 nm scale bar 

 

 The reported method used to improve the synthesis of Fe3O4, outlines specific 

temperature requirements with respect to time for the synthesis Fe3O4 –AuNPs. In this 
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work by Wang and co-workers, the reaction time for the synthesis of Fe3O4 –AuNPs is 

increased from 1.5 hours to 3 hours. In addition, the solution of Fe3O4, Au(ac)3, oleic 

acid, oleylamine and 1, 2- hexadecanediol is heated to 180-190°C, increasing the 

temperature by 10°C/min.124 These two modifications considerably increased the success 

of Fe3O4 –AuNPs synthesis. TEM/EDS analysis displays nanoparticles that are more 

uniform in composition and size (Figure 3.21). TEM/EDS of the sample and single 

particle HRTEM/EDS analysis concluded that the Fe3O4 nanoparticles are coated with 

gold (Figure 3.22). The consistency of the nanoparticle size and composition found by 

TEM/EDS is supportive of the successful synthesis of mono-disperse Fe3O4 –AuNPs. 

Further analysis by measuring the lattice spacing of the synthesized nanoparticles 

resulting in 0.235 Å suggests that the Fe3O4 nanoparticles are coated with gold (Figure 

3.20).164  

       

Figure 3.20 TEM image of synthesized Fe3O4-AuNPs (batch 3) with a 10 nm scale bar (left) and 

estimated length surface lattice spacing of the gold shell via ImageJ analysis (right) 

2.35 Å   
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Figure 3.21 TEM image with corresponding EDS analysis of synthesized Fe3O4-AuNPs (batch 3) with 

a 100 nm scale bar 

 

Figure 3.22 TEM image with corresponding EDS analysis of a single synthesized Fe3O4-AuNPs 

(batch 3) with a 5 nm scale bar 
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 The synthesis of Fe3O4 –AuNPs was performed again following the same 

procedure and modifications using the mono-disperse Fe3O4 synthesized at 210°C. The 

TEM/EDS shows that the Fe3O4 were successfully coated with gold (Figures 3.24-3.25). 

At larger magnitudes (500 nm), it appears that there are two types of nanoparticles 

present in solution. However, TEM/EDS analysis verifies that both areas contain iron and 

gold (Figures 3.23). In this case, the nanoparticles appear less uniform than the 

nanoparticles previously synthesized (Figures 3.21).  
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Figure 3.23 TEM image with corresponding EDS analysis of synthesized Fe3O4-AuNPs (batch 4) with 

a 500 nm scale bar. EDS 4 (top) and EDS 5 (bottom) of different areas within the sample. 

 

 

Figure 3.24 TEM image synthesized Fe3O4-AuNPs (batch 4) with a 50 nm scale bar  
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3.25 TEM image with corresponding EDS analysis of synthesized Fe3O4-AuNPs (batch 4) with a 10 

nm scale bar 

  

 By TEM analysis, the average diameter of the Fe3O4 –AuNPs was found to be 

6.53 nm (σ= 1.18, n= 71) (Figures 3.26-3.27), compared to an average diameter of 8.71 

nm (σ= 3.44, n= 620) (Figures 3.28- 3.29). In comparison, the size distribution of the first 

synthesis is much more mono-disperse. The average diameter of the synthesized Fe3O4-

AuNPs is also the most frequent diameter during analysis (Figure 3.27). However, the 

Fe3O4-AuNPs produced during the second synthesis yield an average particle diameter 

that is skewed due to a group of larger particles (Figure 3.29).  
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Figure 3.26 TEM image of synthesized Fe3O4-AuNPs (batch 3)  (A) used for size distribution analysis 

outline (B) and count (C) 

 

Figure 3.27 Histogram of synthesized Fe3O4-AuNPs (batch 3) with associated average diameter of the 

nanoparticles, standard deviation and number of particles analyzed. TEM image was analyzed with 

ImageJ software for the area of the nanoparticles. 
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Figure 3.28 TEM image of synthesized Fe3O4-AuNPs (batch 4) (A) used for size distribution analysis 

outline (B) and count (C) 

 

 

Figure 3.29 Histogram of synthesized Fe3O4-AuNPs (batch 4) with associated average diameter of the 

nanoparticles, standard deviation and number of particles analyzed. TEM image was analyzed with 

ImageJ software for the area of the nanoparticles. 

 

 The difference in size distribution is further supported by the UV-Vis absorption 

spectra of Fe3O4 –AuNPs produced from each synthesis (Figure 3.31). Both samples have 

the same expected absorption peak of between 535-550 nm, which is consistent with the 

predicted absorption peak for Fe3O4 –AuNPs.150 Depending on the diameter of Fe3O4 
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nanoparticles and the thickness of the gold coating, the absorption of the core-shell 

nanoparticles can be more or less red-shifted than the Surface Plasmon resonance (SPR) 

characteristic of gold (approximately 525 nm for 13 nm AuNPs). The second Fe3O4 –

AuNPs sample displays a broader peak relative to the first Fe3O4 –AuNPs sample (Figure 

3.31, blue line). The difference in absorption could be due to size distribution or the 

thickness of gold coating the Fe3O4. Since the same Fe3O4 nanoparticles were used for 

both synthesis methods, the average diameter can be compared to determine a difference 

in the thickness of the gold shell of the nanoparticle. The first and second Fe3O4 –AuNPs 

synthesis resulted in an average diameter of 6.53 nm (σ= 1.18, n= 71) and 8.53nm (σ= 

2.52, n= 86), respectively. With standard deviation and frequency considered, it is 

determined that UV-Vis absorption spectra are inconsistent due to a notable difference in 

size distribution between each Fe3O4-AuNP products (Figure 3.30). Both Fe3O4 –AuNPs 

products are found to be consistent with previously reported TEM/EDS and UV-VIS 

absorption spectra analysis. The first of these two syntheses produced mono-disperse, 

consistent nanoparticles that were stored until later transferred from organic to aqueous 

media. As previously mentioned the temperature during the synthesis Fe3O4 –AuNP is 

quite sensitive. During the second synthesis, the temperature reached approximately 200-

210°C before it was returned to 180-190°C. The temperature during the previous 

synthesis never exceed 190-200°C. This further suggests that the temperature during the 

reaction is important for the formation of a mono-disperse Fe3O4 –AuNP product. The 

second synthesis yielded a thicker gold coating on Fe3O4, however the non-uniform size 

distribution would require centrifugation in order eliminate the larger particles from the 

sample. This would, in turn, lower the concentration of Fe3O4 –AuNPs further in 
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comparison to the previous Fe3O4 –AuNP product. Although centrifugation would be 

required to further improve the size distribution of the sample, these size distributions 

were acceptable for our application.  

 

 

Figure 3.30 Average diameter (nm) of Fe3O4-AuNPs (batch 3) (left (1)) and Fe3O4-AuNPs (batch 4) 

(right (2)) with calculated standard deviations 
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Figure 3.31 UV-Vis absorption spectra of Fe3O4 (batch 2) (black line), Fe3O4-AuNPs ( batch 3) (blue 

line) and Fe3O4-AuNPs ( batch 4) (red line) 

 

3.3.3 Challenges and optimization of ligand exchange phase transfer   

 Although the previously described synthesis successfully coats Fe3O4 nanoparticle 

with Au to yield small, mono-disperse nanoparticles, the reaction solvent is challenging 

for our application. Transfer of the synthesized Fe3O4 –AuNPs from organic to aqueous 

solution is required for use in biosensor applications, specifically small molecule aptamer 

SELEX. In order to transfer the Fe3O4 –AuNPs from hexanes to water, the capping agent 

on the surface of the nanoparticles must be exchanged. In this case, the Fe3O4 –AuNPs 

are synthesized with oleic acid, oleylamine and 1, 2- hexadecanediol. These capping 

agents are soluble in hexanes, which is what the nanoparticles are dispersed and stored in 

post synthesis. Absolute ethanol causes solvent induced reversible aggregation of the 
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synthesized particles, as oleylamine and oleic acid are insoluble in this media. Therefore, 

this solvent can be used to wash the synthesized nanoparticles. However, the polarity of 

water causes the nanoparticles to experience irreversible aggregation. Polar and non-polar 

environments offer different advantageous and disadvantageous, depending on the 

synthesis method and application. The non-polar nature of the synthesized nanoparticles 

is problematic for our work, as the Fe3O4-AuNPs will be used in a bioassay to investigate 

non-specific aptamer-AuNP interactions. The current environment of the synthesized 

nanoparticles does not mimic future testing conditions and is not compatible with the 

bimolecular assay components. Therefore, the synthesized nanoparticle surface 

modifications must be exchanged to accomplish solubility in water.  

 Initially, transfer was based on the previously reported synthesis of Fe3O4 –

AuNPs where the hexane soluble ligands are replaced with sodium citrate.164 Following 

this protocol, the nanoparticles were precipitated and washed with ethanol until re-

dispersed in tetramethylammonium hydroxide (TMAOH). TMAOH is used to remove the 

original capping agents from the AuNP surface, allowing for ligand exchange. Sodium 

citrate was then added to the solution and the solution is sonicated finally being re-

dispersed in water at a pH of 6.5. This transferring method proved to be challenging and 

resulted in aggregation of the Fe3O4 –AuNPs. TEM/EDS analysis displays the extensive 

aggregation of the Fe3O4 –AuNPs (Figure 3.32). This aggregation was found to be 

irreversible as the nanoparticles could not be sonicated or re-dispersed back into solution. 

Aggregation was observed at the first addition of TMAOH and continues further when 

re-dispersed in water and during pH adjustments. Optimization of this method was 

attempted by adding TMOH incrementally over time, adding sodium citrate before or 
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during the addition of TMAOH and increasing the concentration of sodium citrate. 

However, these attempts were unsuccessful and produced an aggregated product similar 

to previous characterization (Figure 3.32-3.33). It is also important to note that this 

method of transfer results in significant loss of Fe3O4 –AuNPs. Although visible by TEM, 

the coloured Fe3O4 –AuNPs are no longer visible by eye. Since the Fe3O4 –AuNP product 

is aimed to serve as a novel separation method during SELEX, the severe loss of product 

is problematic. This transferring method was found to be unsuccessful due to the low 

yield and extensive non-reversible aggregation of the Fe3O4 –AuNPs. 

 

   

Figure 3.32 TEM images with 2 μm and 10 nm scale bars of synthesized Fe3O4-AuNPs (batch 3) after 

ligand exchange with citrate using TMAOH  
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Figure 3.33 TEM image with a 100 nm scale bar of synthesized Fe3O4-AuNPs (batch 3) after ligand 

exchange with citrate using TMAOH 

 

 Phase transfer using 4-(Dimethylamino)pyridine (DMAP) as a capping agent for 

Fe3O4 –AuNPs was explored. DMAP has been successfully used as a capping agent for 

AuNPs and adsorb DNA molecules.167 Therefore, replacing sodium citrate with DMAP 

to optimize the transfer of the Fe3O4 –AuNPs is reasonable. Previously reported methods 

successfully transferred AuNPs from organic solvent to aqueous solution with 4-

(Dimethylamino)pyridine. Here, it is reported that tetraoctylammonium bromide (TOAB) 

was replaced with DMAP resulting in a spontaneous phase transfer of AuNPs from 

toluene to water within 1 hour.156  

 This method was investigated to transfer our synthesized core-shell Fe3O4-

AuNPs. Capped with oleylamine and oleic acid in hexanes, this transfer aimed to move 

the synthesized Fe3O4-AuNPs nanoparticles into water through a DMAP ligand 
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exchange. Two notable differences exist between the previously reported transfer and our 

attempt. The nanoparticles are capped with oleylamine and oleic acid instead of 

tetraalkylammonium salt. In addition, the Fe3O4-AuNPs are being transferred from 

hexanes not toluene. It is predicted that the transfer will not be as rapid in comparison. 

Vigorous magnetic stirring and excess DMAP is required to ensure DMAP is available to 

the nanoparticle surface. This is because, in comparison to toluene, DMAP is not soluble 

in hexanes.  An increase in DMAP concentration, vigorous stirring of the two solvents 

and an increase in reaction time aim to provide available DMAP in solution to 

accomplish ligand exchange. When a new ligand is available in solution, ligand exchange 

depends on the size, concentration and binding strength of the incoming and outgoing 

ligands. Partial or complete replacement of a ligand can be achieved, but mainly relies on 

the binding strength of the ligands with the nanoparticle surface.  

 This was successfully applied to transfer the Fe3O4 –AuNPs into aqueous solution. 

A 1 mL sample of Fe3O4 –AuNPs in hexanes was placed on top of 1 mL sample of 0.5 M 

DMAP solution in water. At this point, the dark purple coloured nanoparticles are seen in 

the top layer of the phase transfer (Figure 3.34A). Immediately, the nanoparticles began 

to transfer into the aqueous phase without any agitation (Figure 3.34B). Vigorous stirring 

for 1 hour encouraged the transfer of nanoparticles, resulting in almost complete transfer 

of the Fe3O4 –AuNP product (Figure 3.34C). The bottom layer could then be removed, 

purified and washed by magnetic separation and used for bioassay experiments.  
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Figure 3.34 Images during ligand exchange phase transfer of synthesized Fe3O4-AuNPs (batch 3) 

using DMAP before transfer in hexanes (A), during transfer (B), and after transfer in aqueous 

solution (C) 

 

 TEM/EDS analysis was used to characterize the DMAP transferred Fe3O4 –

AuNPs and assess the success of the phase transfer. The Fe3O4 –AuNPs are much less 

aggregated than seen with the sodium citrate/TMAOH transfer (Figures 3.35). This is 

confirmed both by the colour of the solution (wine red vs. blue), the accompanying UV-

Vis absorption spectra and the dispersion of particles seen by TEM (Figures 3.43-3.44). 

The Fe3O4 –AuNPs have a mono-disperse size distribution compared to the previous 

Fe3O4 –AuNP product in aqueous solution (Figure 3.35). TEM/EDS analysis displays 

peaks corresponding to both iron and gold, confirming that the nanoparticle product is 

core-shell Fe3O4 –AuNPs (Figure 3.36). The size distribution is consistent at 6.45 nm (σ= 

1.07, n=73) (Figure 3.37-3.38). In comparison to TMAOH with sodium citrate methods, 

the phase transfer of Fe3O4 –AuNPs with DMAP was found to both decrease aggregation 

of the nanoparticles during transfer and increase the number of transferred particles 

significantly. 

 



 112 

   

Figure 3.35 TEM images with a 100 nm and 20 nm scale bar of transferred Fe3O4-AuNPs (batch 3) 

after DMAP ligand exchange  

 

 

Figure 3.36 TEM image with a 1 μm scale bar of transferred Fe3O4-AuNPs (batch 3) after DMAP 

ligand exchange 
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Figure 3.37 TEM image of transferred Fe3O4-AuNPs (batch 3) (A) used for size distribution analysis 

outline (B) and the area of nanoparticles (C) 

 

 

Figure 3.38 Histogram of transferred Fe3O4-AuNPs (batch 3) with associated average diameter of the 

nanoparticles, standard deviation and number of particles analyzed. TEM image was analyzed with 

ImageJ software for the area of the nanoparticles. 

 

 TEM/EDS analysis cannot detect nitrogen on the surface of the Fe3O4 –AuNP and 

therefore, cannot determine if the ligand exchange was successful. Similarly, UV-Vis 
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spectrometry analysis can not determine the exchange as the absorption spectra overlap 

each other at approximately 250 nm. Investigating the properties of the Fe3O4 –AuNPs 

before and after the phase transfer can confirm the DMAP ligand exchange. If the Fe3O4 

–AuNPs are not transferred with DMAP and placed directed into deionized water, the 

nanoparticles agglomerate (Figure 3.39A and 3.40). Likewise, when transferred Fe3O4 –

AuNPs are placed in a solution of hexanes, the nanoparticles remain in the water phase 

(Figure 3.39B). These experimental results are supportive of successful ligand exchange 

and phase transfer of the Fe3O4 –AuNPs using DMAP. 

 

  

Figure 3.39 Images displaying solvent induced aggregation of the synthesized Fe3O4 –AuNPs. A 

displays Fe3O4 –AuNPs capped with oleylamine and oleic acid in deionized water while B displays 

Fe3O4 –AuNPs capped with DMAP in hexanes  

A B 



 115 

 

Figure 3.40 TEM image of aggregated Fe3O4 –AuNPs with 2 μm scale bar. Sample of Fe3O4 –AuNPs 

capped with oleylamine and oleic acid re-suspended in deionized water.  

  

 Precipitation of nanoparticles with DMAP was also reported.156 In order to 

compare these methods, the synthesized Fe3O4 –AuNPs were precipitated by adding 

DMAP to a hexane solution nanoparticles at a concentration of 0.5 M. This solution was 

vortexed and allowed to sit without agitation for 1 hour. At which point, the solvent was 

removed by decanting. The Fe3O4 –AuNPs were then purified and washed via magnetic 

separation and redispersed in deionized water. Precipitation of the particles was found to 

successfully transfer the Fe3O4 –AuNPs from organic to aqueous solution. TEM/EDS 

analysis displays the presence of core-shell Fe3O4 –AuNPs (Figures 3.41-3.42). However, 

the size distribution and composition of the transferred Fe3O4 –AuNPs is slightly better 

than the precipitated Fe3O4 –AuNPs. Figures 3.43 show the two samples of Fe3O4 –

AuNPs. When placed on the magnet the transferred sample has clearer separation (Figure 

3.43). The precipitated Fe3O4 –AuNPs could be precipitated and washed with magnetic 
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separation, however this would only result in a decreased concentration. Comparing the 

UV-Vis absorption spectra confirms that transferring the Fe3O4 –AuNPs is advantageous, 

as the sample is more concentrated and displays a sharper peak at approximately 530 nm 

(Figure 3.44).  

 

     

Figure 3.41 TEM images with 500 nm and 100 nm scale bars of precipitated Fe3O4-AuNPs (batch 3) 

after DMAP ligand exchange 
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Figure 3.42 TEM image with a 100 nm scale bar and corresponding EDS analysis of precipitated 

Fe3O4-AuNPs (batch 3) after DMAP ligand exchange 

 

  

Figure 3.43 Images of DMAP capped Fe3O4-AuNPs (3) after precipitation with DMAP in hexanes 

(left) and ligand exchange transfer with DMAP in aqueous solution (right) 
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Figure 3.44 UV-Vis absorption spectra of transferred Fe3O4-AuNPs (batch 3) (blue line) and 

precipitated Fe3O4-AuNPs (batch 3) (red line)  

 

 In conclusion, DMAP was used to successfully transfer the Fe3O4 –AuNPs via 

liquid-liquid extraction with vigorous stirring for 1 hour. The Fe3O4 –AuNPs were stable 

in aqueous solution for approximately 1-2 months. Transferring the Fe3O4 –AuNPs within 

days of using the sample for bioassay and SELEX applications was found to be 

advantageous due to the increased stability of the Fe3O4 –AuNPs in hexanes post 

synthesis. It was noted that the DMAP capped Fe3O4 –AuNPs seemed to be inhibited by 

solvent during magnetic separation as high concentrations of nanoparticles required a 

longer time to separate from solution and a stronger magnetic source.93  
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3.3.4 Investigation and confirmation of synthesized Fe3O4-AuNP EDS results  

 In an attempt to determine if the TEM/EDS analysis of nanoparticle composition 

is accurate enough to distinguish Fe3O4 –AuNPs from separate Fe3O4 nanoparticles and 

AuNPs, a sample of mixed Fe3O4 nanoparticles and AuNPs (1:1 ratio) was investigated.  

Within the sample, there were Fe3O4 nanoparticles and AuNPs in close proximity to one 

another (Figure 3.45). TEM/EDS analysis was used to characterize both nanoparticles in 

the sample. The Fe3O4 nanoparticles did not show any peak for gold, and the AuNPs did 

not display any more iron that is already found within the grid (Figure 3.46). This 

supports the characterization of Fe3O4-AuNPs by TEM/EDS and confirms that the EDS 

peaks for iron and gold are coming from within the same core-shell nanoparticle and not 

from another particle close by.  

 

   

Figure 3.45 TEM images of a sample of Fe3O4 and AuNPs in solution with 500 nm and 50 nm scale 

bars  
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Figure 3.46 TEM image with a 100 nm scale bar and corresponding EDS analysis of various areas on 

the sample; the Fe3O4  nanoparticles (top), the AuNPs (middle) and the background TEM grid 

(bottom) 

 

 The ability for AuNPs without a magnetic core to remain in solution after 

magnetic separation was questioned. As previously mentioned, a 1:1 sample of Fe3O4 

nanoparticles and AuNPs was prepared. The solution was placed on the magnet for 30 

mins, at which point the supernatant and nanoparticles precipitated on the magnet were 

separated for analysis. TEM/EDS analysis clearly displays only Fe3O4 nanoparticles are 

present in the solution of nanoparticles precipitated on the magnet (Figures 3.47), and 

only AuNPs are present in the supernatant solution (Figure 3.48). It is important to note 

one fundamental difference between this study and the actual synthesis. In this 

experiment, the Fe3O4 nanoparticles and AuNPs are synthesized separately with two 

different capping agents. However, AuNPs that formed during the synthesis of Fe3O4 -

AuNPs are in the presence of Fe3O4 nanoparticles. Furthermore, the nanoparticles are 
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coated with capping agents that are insoluble in ethanol and experience solvent induced 

reversible aggregation (Figure 3.49) to encourage magnet precipitate. Since Fe3O4-

AuNPs or AuNPs without a magnetic core have the same capping agent, solvent effects 

could influence the presence of AuNPs in the supernatant solution. Therefore, there are 

two reasons that AuNPs could remain in solution after post Fe3O4-AuNP synthesis 

magnetic purification. However, it is also important to note that after the nanoparticles 

are transferred with DMAP into aqueous solution, the nanoparticles no longer experience 

solvent induced reversible aggregation. Therefore, this bias is removed and 

hypothetically the AuNPs without a magnetic core should be separated from solution 

during magnetic separation.   

 

Figure 3.47 TEM image with a 100 nm scale bar and associated EDS analysis of nanoparticles on the 

magnet after a mix of Fe3O4 nanoparticles and AuNPs were separated by magnetic separation  
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Figure 3.48 TEM image with 100 nm scale bar and associated EDS analysis of nanoparticles in the 

supernatant after a mix of Fe3O4 nanoparticles and AuNPs were separated by magnetic separation 
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Figure 3.49 TEM images with 10 μm and 500 nm scale bars of aggregated Fe3O4-AuNPs after solvent 

induced aggregation with ethanol  

 

3.4 Conclusions 

 Based upon previous reported methods by Robinson et al. and Wang et al., this 

work confirms the importance of temperature during the synthesis of core-shell Fe3O4-

AuNPs.124,164 It was found that temperature influences both the size and dispersion of the 

core Fe3O4 nanoparticle and the uniform, successful coating of the Fe3O4 with Au. Our 

studies confirm that precise temperature of 210°C during the synthesis is required; even 

temperatures of 190°C and 258°C hinder the production of monodisperse particles. 

Secondly, we determined that the controlled increase in temperature, 180-190°C at a rate 

of 10°C/ minute, had the largest influence on the final core-shell product.  

 In this work, we also transferred synthesized Fe3O4-AuNPs in hexanes to water 

via a ligand exchange with DMAP. The transfer of nanoparticles can be seen between the 

two solvent phases after 2-3 hours with vigorous stirring. We confirmed ligand exchange 

through solubility experiments and confirmed the transfer of synthesized nanoparticles 
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with HRTEM. The quick and gentle transfer of Fe3O4-AuNPs with DMAP avoided 

previously encountered aggregation with TMAOH and sodium citrate. This method also 

increased the yield of Fe3O4-AuNPs in the aqueous phase. Both of these improvements 

were essential in developing an aqueous based AuNP magnetic separation method for the 

investigation of ssDNA-AuNP interactions, which will be discussed in the following 

chapter.  
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Chapter 4: A novel library partitioning method for small molecule 

SELEX using magnetic gold nanoparticles   

 

4.1 Introduction  

4.1.1 Adsorption of DNA onto DMAP capped AuNPs  

 The positive surface charge resulting from the position of DMAP on Fe3O4-

AuNPs is advantageous for biomolecular interactions; namely, the adsorption of 

negatively charged species such as DNA. As an example, Biver et al. investigated the 

interaction of calf thymus DNA and whole cells with DMAP capped AuNPs.167 First, the 

authors determined that free DMAP and DNA did not interact. Next, the authors studied 

the interaction between DNA and DMAP capped AuNPs.  

 𝐴𝑢𝑁𝑃 + 𝐷𝑁𝐴 ⇋ 𝐷𝑁𝐴 ⋅ 𝐴𝑢𝑁𝑃𝑠 Equation 11 

Assuming the above interaction between DNA and DMAP-capped AuNPs, Biver and co-

workers167 derived the following equation to analyze the binding isotherm of DMAP-

AuNPs and calf thymus DNA: 

 ∆𝐴

𝐶𝐴𝑢𝑁𝑃𝑠
=  

𝐾∆ℰ[𝑆]

(1 + 𝐾[𝑆])
 

Equation 12 

where ∆𝐴 is the difference in absorption between the AuNP-DNA complex and the 

AuNP alone, ∆ℰ is the difference between ℰ𝑠𝑠𝐷𝑁𝐴−𝐴𝑢𝑁𝑃𝑠 and ℰ𝐴𝑢𝑁𝑃𝑠 , 𝐶𝐴𝑢𝑁𝑃𝑠 is the 

concentration of Au, and [S] is the concentration of DNA was derived. A binding 

isotherm for DMAP capped AuNPs and DNA was plotted, and the equilibrium constant 

of this interaction was estimated based on this model ((2.8 ± 0.8) x 105 M-1). While this is 
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a relatively strong interaction, it is important to note that calf thymus DNA is 

approximate 800 bps of dsDNA, compared to the shorter ssDNA aptamers that are 

typically adsorbed onto AuNPs.167 

 Most recently, it has been proposed that the main stabilizing force in the 

adsorption of DNA and citrate capped AuNPs is the interaction between the exposed 

bases of flexible ssDNA and the AuNP surface.79,80 However, DMAP capped 

stabilization results in an overall partially positive surface.157 Therefore, it is suggested 

that the negatively charged backbone of dsDNA or ssDNA is able to interact and adsorb 

to the DMAP capped AuNP surface. This explains why Biver et al. observed adsorption 

of dsDNA onto the surface of DMAP capped AuNPs.167 For SELEX purposes, the 

adsorption of dsDNA and ssDNA is important to consider; therefore, adsorption of 

ssDNA aptamers (differing in length and structure) onto DMAP capped Fe3O4-AuNP 

must be investigated and tested as a potential platform for AuNP-based SELEX.   

 

4.1.2 Gold nanoparticle-based SELEX using Fe3O4-AuNPs for separation  

 By employing Fe3O4-AuNPs for SELEX partitioning, the efficiency of magnetic 

separation can be applied without the need for immobilizing the small molecule target. 

The general workflow begins with an initial library of random DNA sequences adsorbed 

onto the surface of a known volume of Fe3O4-AuNPs. Next, a magnet is used to pull the 

Fe3O4-AuNPs to the side of the tube, permitting easy removal of the supernatant 

containing the non-binding DNA sequences. At this point, the isolated Fe3O4-AuNPs 

with adsorbed putative aptamer sequences can be introduced to the target molecule 

directly in solution. During this step, the aptamers with affinity for the target molecule 
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will leave the Fe3O4-AuNP surface to bind to the target molecule in solution. Finally, 

magnetic separation can be used again to partition the aptamer-target complex from the 

non-binding aptamers that remain on the Fe3O4-AuNP surface (Figure 4.1). 

 

 

Figure 4.1  Partitioning via magnetic separation for Fe3O4-AuNP-based SELEX. After ssDNA (blue 

ribbons) are adsorbed onto the core-shell Fe3O4-AuNP surface (purple circles), the AuNPs can be 

separated from solution with a magnet. The supernatant containing the sequences not adsorbed to 

the Fe3O4-AuNPs in solution can be removed. Following the target (yellow star) incubation, the non-

binding sequences that remain on the Fe3O4-AuNP surface can be separated. The binding sequences 

interact with the target in solution and can be collected. 

 

4.1.3 Chapter Objectives 

 This chapter describes the assessment and optimization of the previously 

synthesized DMAP capped Fe3O4-AuNPs as an improved separation method for AuNP-

based SELEX. First, the adsorption of various DNA aptamer sequences onto DMAP 

capped Fe3O4-AuNPs will be investigated. The adsorption will be compared to citrate 

capped AuNPs (chapter 2). Next, the adsorption mechanism will be analyzed further by 

competitively adsorbing various aptamer sequences onto the surface of DMAP capped 
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Fe3O4-AuNPs. Finally, to compare and evaluate the developed partitioning method, we 

will attempt to selectively remove aptamers with affinity for a specific target molecule. A 

proof of concept selectivity experiment will be used to gauge the reliability and 

selectivity of magnetic separation using Fe3O4-AuNPs for AuNP based SELEX. This 

method can also be compared to centrifugation by considering the amount of AuNPs left 

in solution after separation.  

 

4.2 Experimental  

4.2.1 Materials  

 Phosphoramidites, 1000 Å pore size controlled glass pore (CGP) columns, Glen-

Pak DNA purification cartridges, 2 M triethylamine acetate (TEAA) and 2% 

trifluoroacetic acid (TFA) were purchased from Glen Research (Sterling, VA, USA). 

Ochratoxin A (OTA) was purchased from Sigma-Aldrich (St. Louis, MO, USA). 

 

4.2.2 DNA aptamer synthesis, purification and quantification  

 All aptamers and primers were synthesized a BioAutomation Mermade 6 

oligonucleotide synthesizer (Plano, Texas). The unmodified aptamer sequences were 

synthesized through standard phosphoramidite chemistry using 1 μmol controlled glass 

pore (CGP) columns with a 1000 Å pore size. Forward primers were modified with 5’- 

fluorescein phosphoramidite (Glen Research) and reverse primers were modified with 5’- 

spacer phosphoramidite 18 (Glen research). Aptamer sequences and reverse primers were 

left with DMT-ON during synthesis. To cleave the sequences after synthesis, the beads 

were placed in a 1.5 mL eppendorf tube with 1 mL of ammonium hydroxide (NH4OH) 
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and allowed to incubate overnight at 55 °C. The tubes were removed from heat and 

allowed to cool for at least 30 mins. The solution was centrifuged to pellet the beads and 

the supernatant, containing the sequences, was removed and placed in a clean 2 mL 

eppendorf tube. The beads were washed with 1 mL of a 100 mg/mL sodium chloride 

(NaCl) solution and centrifuged to pellet the beads. The supernatant was removed and 

added to the same 2 mL eppendorf tube. Forward primers were washed with 1 mL of 

deionized water instead of 100 mg/mL sodium chloride (NaCl). The tubes for the forward 

primers were placed on Savant AES2010 SpeedVac overnight or until dry.   

 All synthesized sequences (DMT-ON) were purified through Glen-Pak 

purification methods. The Glen-Pak DNA purification cartridges were placed in the 

manifold ports and 15 mL collection tubes were placed beneath these ports. The vacuum 

was attached to the manifold, turned on and adjusted to approximately 7 mm Hg. To wet 

the cartridges, 0.5 mL of acetonitrile was added to each cartridge and allowed to flow 

through the ports into the collection tubes. This was followed by 1 mL of 2 M 

triethylamine acetate (TEAA), which was collected in the same 15 mL tubes. The DNA 

samples were applied to the cartridges in 1 mL aliquots and collected in the same 15 mL 

tubes. Each cartridge was then washed twice with 1 mL of a salt wash solution (5% 

Acetonitrile in 100 mg/mL Sodium Chloride solution), twice with 1 mL of 2% 

trifluoroacetic acid (TFA) and twice with 1 mL of deionized water. A faint orange band 

appeared in the cartridge when TFA was added, indicating the removal of DMT. The 

collection tubes were replaced with new 15 mL tubes before the DNA was eluted from 

the cartridge. The cartridge was washed twice with 1 mL of 50% acetonitrile in deionized 
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water with 0.5% ammonium hydroxide, and the eluted DNA was collected. The DNA 

was quantified using a Cary 300 Bio UV-Vis Spectrometer (Varian, USA) at 260 nm. 

 

Table 4.1 List of synthesized unmodified ssDNA aptamer sequences for a proof of concept Fe3O4-

AuNP based SELEX study  

DNA 

Aptamer 

Sequence  Length Aptamer mass 

g/mol 

1.12.2  5’- GATCGGGTGTGGGTGGCGTAAAGGGAGCATCGG ACA-3’ 36 11311.4 

Dop 5’-GTCTCTGTGTGCGCCAGAGAC 

AGTGGGGCAGATATGGGCCAGCACAGAATGAGGCCC-3’ 
58 17709.5 

FB139 5’-ATACCAGCTTATTCAATTAATCGCATT ACCTT AT 

ACCAGCTTATTCAATTACGT CT GCACAT ACCAGCTT 

ATTCA ATT AGATAGTAAGTGC AATCT-3’ 

96 29340.2 

 

4.2.3 Fe3O4-AuNP assay  

4.2.3.1 Preparation and washing of DMAP capped Fe3O4-AuNPs 

 Six 1.5 mL Eppendorf tubes were labeled as blank and test samples, then placed 

on the Dynamag magnet holder . 100 μL of Fe3O4-AuNPs were placed in each tube with 

900 μL of deionized water. The tubes were left on the magnet for 30 mins and the 

supernatant was removed. This was repeated twice to wash the Fe3O4-AuNPs, and the 

Fe3O4-AuNPs were redispersed in 800 μL. 900 μL of deionized water was placed in 3 1.5 

mL Eppendorf tubes and were labelled at control samples. 
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4.2.3.2 Preparation of aptamer dilutions  

 1 mL of 10 μM DNA aptamer was prepared and heated to 90 °C for 5 mins and 

allowed to cool to room temperature for approximately 15-30 mins. When three 

sequences were added to Fe3O4-AuNPs competitively, 1 mL of each sequence was 

prepared at a concentration of 10 μM. 1 mL of each sequences was mixed together in the 

same 1.5 mL Eppendorf tube and heated together for 5 mins to 90°C and cooled to room 

temperature for 15-30 mins. 

 

4.2.3.3 Preparation of target molecule (OTA)  

 Purchased ochratoxin A (OTA) was dissolved in 1 mL of deionized water and 

placed on a shaker at room temperature overnight. The solution was filtered through 0.5 

mL Corning Costar Spin-X centrifuge filter tubes. The filtrate was collected and 

quantified by UV-Vis absorption spectroscopy at 330 nm. 10 μM of OTA was prepared 

in deionized water and stored at room temperature. 

 

4.2.3.4 Introduction of aptamer to Fe3O4-AuNPs  

100 μL of 10 μM DNA was added to control samples and test sample tubes containing 

100 μL of washed Fe3O4-AuNPs and 800 μL of deionized water. 100 μL of water was 

added instead of DNA to the blank sample tubes. The tubes were vortexed quickly and 

allowed to incubate at room temperature for 30 mins on a shaker at a low setting.  
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4.2.3.5 Removal of non-binding DNA sequences 

 After 30 mins, the tubes were placed on a Dynamagnet for 30 mins. The 

supernatant solution was removed and placed in the new appropriate 1.5 mL tube for 

analysis.  

4.2.3.6 Introduction of target molecule (OTA) 

 100 μL of 10 μM OTA and 800 μL of deionized water were added to the Fe3O4-

AuNPs after removal of non-binding DNA sequences. The tubes were once again 

vortexed quickly and allowed to incubate at room temperature for 30 mins on a shaker at 

a low setting. After 30 mins, the tubes were placed on a Dynamag magnet for 30 mins. 

This supernatant solution was removed and collected in the new appropriate 1.5 mL tube 

for analysis.  

 

4.2.3.7 PAGE analysis of proof–of-concept SELEX study 

 The collected DNA sequences were mixed with formamide in a 1:1 volume ratio, 

vortexed quickly and heated to 90 °C for 5 mins. 80 μL of each tube of DNA was loaded 

into different individual wells and the gel was run at 300 V between 2-3 hours. 

4.2.3.8 Imaging and analyzing the PAGE gel  

 After the gel run was complete, the gel was placed on a 20 cm by 20 cm TLC 

plate with plastic wrap. The gel was imaged using an Alpha Imager Multi Light Cabinet 

(Alpha Innotech). The intensity of each UV-Vis absorption band was found and analyzed 

with Image J software.   
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4.3 Results and Discussion 

 

4.3.1 Investigating DMAP capped Fe3O4-AuNPs as a SELEX separation method 

 Since previously reported SELEX partitioning methods were unsuitable for our 

application, core-shell Fe3O4-AuNPs were synthesized as a magnetic separation method. 

An initial library of ssDNA aptamers could be adsorbed onto the surface of Fe3O4-

AuNPs, as the shell properties are consistent with those of AuNPs. Magnetic separation 

could provide a more gentle separation method in comparison to centrifugation. 

Centrifugation has been successfully used to separate ssDNA aptamer-AuNPs from free 

ssDNA aptamer when the aptamer is bound to the AuNP surface through a specific thiol 

covalent bond.168 However, the force required to pellet the AuNPs out of solution by 

centrifugation may disrupt the relatively weak interaction between ssDNA aptamers and 

AuNPs. The magnetic core of the synthesized Fe3O4-AuNPs allows for the nanoparticles 

to be separated from solution in the same way, but removes the physical force required 

when separating by centrifugation. Therefore, the quick and gentle separation of AuNPs 

with a magnetic core is investigated as a partitioning method for AuNP SELEX.  

 First, the capacity of the synthesized Fe3O4-AuNPs was examined. The capacity 

of the Fe3O4-AuNPs was compared to the experimentally-estimated capacity of AuNPs 

for ssDNA via separation by centrifugation. This capacity must be estimated to ensure it 

is compatible with the large libraries required for SELEX. As an example, if the required 

volume of synthesized Fe3O4-AuNPs to adsorb an entire 1000 pmol initial library of 

ssDNA aptamers was over 10 mL, manipulation would be difficult and would not be 

compatible with the following PCR step required in SELEX.  
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One limiting factor for separation with magnetic nanoparticles is the size and 

solubility of the nanoparticle surface in solution: the synthesized Fe3O4-AuNPs are 

relatively small in size and the capping agent used to transfer the Fe3O4-AuNPs into 

aqueous media is soluble in water. Both the relatively small size and solubility of the 

nanoparticles increase the applied magnetic force required to separate the particles from 

solution. Thus, to achieve quick and complete separation, the Fe3O4-AuNPs were diluted 

10 times in water.  

To assess capacity, a known individual or combination of ssDNA aptamer 

sequences were introduced to a solution of Fe3O4-AuNPs and allowed to incubate at 

room temperature. After incubation, the Fe3O4-AuNPs were separated from solution and 

the aptamers that did not adsorb to the Fe3O4-AuNP surface remained in solution. These 

sequences left in the supernatant were collected and analyzed by gel electrophoresis. The 

capacity (or amount of aptamer adsorbed onto the Fe3O4-AuNPs surface) was determined 

by comparing the band intensity of the amount of aptamer added (control) and the 

amount of aptamer in the supernatant (Figure 4.2).  

 We next examined the effect of aptamer lengths and structure on the separation 

via Fe3O4-AuNPs magnetic separation. We included a variety of aptamers to elucidate 

any bias in the separation of these sequences. Previously, using the centrifugation 

method, there appeared to be a bias during separation that resulted from aptamer length. 

It was suggested through the salt aggregation test, that the interaction between longer 

aptamer sequences and AuNPs were not disturbed when centrifuged. However, the salt 

aggregation assay varied with centrifugation for the shorter aptamer sequences. This bias 

is problematic when analyzing the adsorption and desorption of aptamers on an AuNP 
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surface for SELEX applications. Therefore, the sequences used for proof-of-concept 

SELEX analysis need to be compared with this method. The adsorption and desorption of 

each sequence when incubated individually or competitively can provide insight into any 

potential bias between the tested sequences.   

 Finally, as a SELEX platform, the specific removal of aptamers with affinity for a 

target molecule should be evaluated for Fe3O4-AuNPs. Previously, separation through 

centrifugation resulted in the non-specific removal of aptamer sequences from the AuNP 

surface. Not only were sequences with and without affinity for the target molecule 

removed when target was introduced, but the same amount of each sequence was 

removed when a negative control or blank solution was added. The extensive non-

specific nature of the AuNP platform in this method would not provide a reliable 

separation of aptamers for a target molecule under AuNP sensor conditions. Therefore, 

the specificity of the developed Fe3O4-AuNPs partitioning method was investigated 

through a proof of concept SELEX experiment. The previously mentioned assay was 

developed and used to adsorb ssDNA aptamer on the surface of Fe3O4-AuNPs and 

remove the sequences that did not adsorb and remained in solution. Once the aptamer- 

Fe3O4-AuNPs complex was isolated from unbound sequences, a target molecule could be 

introduced in solution. Hypothetically, the addition of a target molecule would remove 

aptamers with affinity for the target from the surface of the Fe3O4-AuNPs into solution. 

The Fe3O4-AuNPs with aptamers that remain on the nanoparticle surface can be separated 

from sequences that were removed to preferentially bind the target molecule. Again, the 

sequences removed from the Fe3O4-AuNP surface with target are now in the supernatant 

solution. This supernatant can be collected and analyzed by PAGE to determine the 
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amount of each sequence removed from the Fe3O4-AuNP surface with target. If an 

aptamer for the target molecule is compared to aptamers without affinity for the target, 

the specificity of the method can be evaluated. Similarly, if a blank sample without target 

is examined, the amount of aptamer removed from the surface due to a change in 

equilibrium can be compared and subtracted from the amount of each sequence removed 

when the target is introduced.    

  

4.3.2 Adsorption of ssDNA aptamers on DMAP capped Fe3O4-AuNP 

 To understand the interaction between various DNA aptamers and synthesized 

DMAP capped Fe3O4-AuNPs, the adsorption capacity was first tested. First, 3 aptamers 

of various lengths were examined individually. The aptamers chosen for this study were 

1.12.2 (36), Dop (58) and FB139 (96) (Table 4.1). The difference in aptamer length 

allows for analysis by gel electrophoresis, and insight into how aptamer length may affect 

DNA adsorption to the DMAP capped Fe3O4-AuNP surface. A known concentration of 

DMAP capped Fe3O4-AuNPs and aptamer were allowed to incubate at room temperature 

for 30 mins. A blank sample of DMAP capped Fe3O4-AuNPs without any DNA and a 

control sample of DNA without any DMAP capped Fe3O4-AuNPs were prepared and 

incubated simultaneously. After incubation, the samples were placed on a magnet for 30 

mins. At this point, the Fe3O4-AuNPs were separated from solution and the clear 

supernatant solution was removed and collected for analysis.  

 By PAGE analysis, the concentration of DNA in the supernatant was estimated 

using Image J software. For each experiment, three blank samples, three test samples and 

three control samples were analyzed. As an example, the PAGE gel for the capacity of 
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1.12.2 with DMAP capped Fe3O4-AuNPs is shown below (Figure 4.2). As expected, the 

three blank samples did not show any bands suggesting the absence of 1.12.2 in the 

supernatant of the blank samples. The next three lanes (Figure 4.2) are the test samples, 

which were expected to display a band for the 1.12.2 in the supernatant that did not 

adsorb onto the Fe3O4-AuNP surface. Hypothetically, the final 3 lanes (Figure 4.2) for the 

control samples should display the UV-Vis absorption of the concentration of 1.12.2 

added, as no Fe3O4-AuNPs were present to adsorb any DNA. The test sample bands in 

the gel were predicted to display more UV-Vis absorption in comparison to the blank 

samples, but less UV-Vis absorption than the control samples. This difference was found 

for all three aptamers, which suggests that some percentage of the concentration of 

aptamer added does adsorb onto the surface of Fe3O4-AuNPs. The intensity of the bands 

in the gel resulting from UV-Vis absorption of a certain concentration of DNA present 

was analyzed. Using Image J, the band intensities were represented numerically and 

compared to the control sample. This provided an estimated concentration of DNA in the 

supernatant of the test samples, and therefore, an estimated concentration of DNA that 

adsorbed onto the Fe3O4-AuNP surface. Hypothetically the entire amount of DNA added 

to the control sample should be present in the supernatant solution analyzed by PAGE. 

The band intensity for the control sample was set to 100% or the amount of DNA 

originally added at the concentration of the assay (1 nmol). With this, the amount of 

1.12.2, Dop and FB139 in the test samples was found to be approximately 68.8% (0.69 ± 

0.01 nmol), 58.4% (0.58 ± 0.08 nmol) and 68.3% (0.68 ± 0.08 nmol) of the control 

sample, respectively. Therefore, by difference, the amount of 1.12.2, Dop and FB139 

adsorbed onto the sample of Fe3O4-AuNPs is estimated to be 34.2% (0.34 nmol), 41.6% 
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(0.42 nmol) and 31.7% (0.32 nmol) of the DNA originally added, respectively (Figure 

4.3-4.6). An adsorption of aptamer onto DMAP capped Fe3O4-AuNPs was supported by 

the consistent and unbiased difference in aptamer concentration between the test and 

control samples. The difference in aptamer length did not appear to affect adsorption, as 

approximately 30-40% of each sequence adsorbed onto the synthesized DMAP capped 

Fe3O4-AuNPs.  However, it is important to notice there is an adsorption capacity 

difference between DMAP capped Fe3O4-AuNPs and citrate capped AuNPs. These 

differences found during preliminary testing could be attributed to a number of factors; 

such as the separation technique (magnetic separation vs centrifugation), size of the 

nanoparticles (7 nm vs 13 nm), but more importantly a difference in the capping agent 

(DMAP vs citrate). This concern compels additional comparison of DMAP and citrate as 

capping agent with respect to the adsorption of ssDNA aptamers.  

 

Figure 4.2 Representative PAGE gel image used analyzed through ImageJ software to determine the 

amount of ssDNA aptamer in the supernatant solution after magnetic partitioning with Fe3O4-AuNPs 

Blank Samples Test Samples Control Samples 

1          2         3 1              2             3 1            2            3 
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Figure 4.3 Amount of 1.12.2 aptamer in the supernatant solution after incubation with Fe3O4-AuNPs 

and magnetic separation. Using PAGE, the amount of 1.12.2 is determined via Image J software 

analysis and represented as a percentage of a control sample  

 

Figure 4.4 Amount of dopamine aptamer in the supernatant solution after incubation with Fe3O4-

AuNPs and magnetic separation. Using PAGE, the amount of dopamine aptamer is determined via 

Image J software analysis and represented as a percentage of a control sample 
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Figure 4.5 Amount of FB139 aptamer in the supernatant solution after incubation with Fe3O4-AuNPs 

and magnetic separation. Using PAGE, the amount of FB139 is determined via Image J software 

analysis and represented as a percentage of a control sample 

 

Figure 4.6 Amount of 1.12.2, Dop and FB139 aptamers adsorbed separately onto the surface of 

synthesized Fe3O4-AuNPs after magnetic separation. Using PAGE, the amount of each sequence is 

determined via Image J software analysis and, by difference, represented as a percentage of a control 

sample 
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4.3.3 Competitive assay analysis of aptamer dependent adsorption  

 In order to test how these three aptamer sequences competitively interact with the 

DMAP capped Fe3O4-AuNP surface, all three sequences were mixed together in a 1:1:1 

ratio with a concentration totaling the concentration used when investigating each 

aptamer individually. This mixture was then introduced to the same concentration of 

Fe3O4-AuNPs and allowed to incubate at room temperature for 30 mins. The supernatant 

of the blank, test and control samples were removed after magnetic separation and 

analyzed by PAGE. As previously mentioned, the band(s) for each sample were denoted 

numerically using Image J software. Using this method, the amount or percentage of each 

test sample was compared to the control samples. This was done to estimate the amount 

of each aptamer sequences adsorbed onto the Fe3O4-AuNP surface, and compare the 

possible difference in adsorption between these three sequences.  

 In this competitive assay, there was a slight difference in the band intensity for the 

test samples compared to the control samples. Analysis determined that there was 

approximately a 10-20% reduction in the band intensity between the test and control 

samples for each sequence. The amount of 1.12.2, Dop and FB139 in the test samples 

was found to be approximately 75.3% (0.25 ± 0.02 nmol), 79.7% (0.27 ± 0.02 nmol) and 

85.4% (0.28 ± 0.01 nmol) of the control sample, respectively (Figure 4.7). Therefore, by 

difference, the amount of 1.12.2, Dop and FB139 adsorbed onto the sample of Fe3O4-

AuNPs is estimated to be 24.7% (0.08 nmol), 20.3% (0.07 nmol) and 14.6% (0.05 nmol) 

of the DNA originally added, respectively.  

 Previously, it was found that an average of approximately 0.35 ± 0.11 nmol of the 

control sample was adsorbed onto the surface of Fe3O4-AuNPs when incubated 
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individually. The results of this competitive assay are in agreement with this estimation, 

as it is assumed that approximately 0.07 ± 0.02 nmol of each sequence was adsorbed onto 

the surface of Fe3O4-AuNPs. Adding all three sequences together results in a total of 

approximately 0.21 ± 0.03 nmol of DNA.  

 Since each of the aptamer sequences differed in length and structure, the 

relationship between these differences and the adsorption of DNA to Fe3O4-AuNPs 

should be investigated. The results of this experiment suggest that there may be a slight 

difference in adsorption when comparing the length of the sequences. 1.12.2 appeared to 

result in a larger difference in band intensity, compared to FB139. This suggests that 

1.12.2, the shorted DNA sequence, preferentially adsorbed to the surface of Fe3O4-

AuNPs. There is a slight trend between the amount of DNA adsorbed and the length of 

the aptamer sequence (Figure 4.8). However, when relative error and kinetics are 

considered, this difference is found to be negligible. This experiment provides important 

insight into the potential utility and challenges of Fe3O4-AuNPs as a platform for SELEX. 

Considering the amount of Fe3O4-AuNPs needed for selection could determine if this 

product and method is realistic as a SELEX platform. In this work, it is estimated that 

approximately 20-30 nmol of DNA aptamer is adsorbed onto 100 μL of Fe3O4-AuNPs. 

Therefore, approximately 4 mL of Fe3O4-AuNPs would be required to adsorb 1000 pmol 

of DNA library. The estimated volume of Fe3O4-AuNPs required is reasonable, 

especially for later selection rounds containing less than 1000 pmol of DNA (typically 

200 pmol). 
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Figure 4.7 Amount of 1.12.2, Dop and FB139 aptamers adsorbed competitively onto the surface of 

synthesized Fe3O4-AuNPs after magnetic separation. Using PAGE, the amount of each sequence is 

determined via Image J software analysis and, by difference, represented as a percentage of a control 

sample 

 

Figure 4.8 Amount of ssDNA absorbed with respect to the number of bases in the ssDNA sequence. 

After being adsorbed competitively onto the surface of synthesized Fe3O4-AuNPs and partitioned via 

magnetic separation, the PAGE image was analyzed with ImageJ software to determine the percent 

difference.  
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4.3.4  Removal of adsorbed 1.12.2 aptamer with target molecule (OTA)   

 Having established successful adsorption of three ssDNA aptamers onto 

synthesized Fe3O4-AuNPs, we next examined the removal of the adsorbed aptamers with 

a specific target molecule. Aptamer 1.12.2 was selected for the small molecule 

mycotoxin target molecule, ochratoxin A (OTA). To test this, a known amount of 1.12.2 

was incubated with Fe3O4-AuNPs for 30 mins. The sequences that did not adsorb onto 

the surface of the Fe3O4-AuNPs were removed and estimated (as above). Next, the target 

molecule (OTA) was introduced, and the amount of 1.12.2 that was released from the 

surface of the Fe3O4-AuNPs was approximated using gel electrophoresis. However, it is 

expected that when the aptamers that do not adsorb to the surface of the Fe3O4-AuNPs 

are removed, there will be a shift in the equilibrium between 1.12.2 and Fe3O4-AuNPs. In 

order to determine the amount of 1.12.2 that was removed when target is introduced, the 

amount of 1.12.2 that is found in the supernatant of a blank sample should be compared.  

As the amount of ssDNA removed after adsorption was not concentrated enough to 

analyze by PAGE, a fluorescein-modified sequence was employed. Preliminary work 

displays that after 1.12.2F adsorbed on the surface of Fe3O4-AuNPs are isolated; 1.12.2F 

can be removed from the surface with target incubation. However, the amount of 1.12.2F 

removed with target is not significantly greater than the amount removed with water 

(Figure 4.9). Alternatively, DMAP as a capping agent differs from the studied citrate 

capped AuNPs with respect to DNA adsorption, which results in the adsorbed sequence 

being easily removed (with water). As previously mentioned, it is possible that the non-

specific interaction of ssDNA and AuNPs is affected by the removal of the individual 
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ssDNA sequence in solution. In turn, it is likely that the equilibrium between the ssDNA-

AuNP complex and the individual components is shifted which results in the non-specific 

removal of ssDNA sequences from the AuNP surface.  

 

 

Figure 4.9 Amount of 1.12.2F aptamer adsorbed onto the surface of synthesized Fe3O4-AuNPs after 

magnetic separation and the amount of 1.12.2F removed with OTA and a blank sample was 

represented as an estimated amount of 1.12.2F (mol) compared to a control sample  

 

 To test whether or not Fe3O4-AuNP would be a viable platform for SELEX, a 

proof of concept selectivity assay was designed. In this experiment, the selectivity of 

aptamers removed from the Fe3O4-AuNP surface for a specific target molecule would be 

investigated. The assay utilizes one aptamer for the target molecule, 1.12.2, and two 

aptamers without affinity for the same target molecule, Dop and FB139. These sequences 

are mixed in a 1:1:1 ratio and allowed to incubate with Fe3O4-AuNPs for 30 mins. After 

the sequences that did not adsorb onto the surface of the Fe3O4-AuNPs are removed, the 
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target molecule (OTA) is introduced. Hypothetically, only the aptamer for the target 

molecule should leave the surface of the Fe3O4-AuNPs to preferentially bind its target. As 

previously mentioned, it is expected that when the aptamers that do not adsorb to the 

surface of the Fe3O4-AuNPs are removed, there will be a shift in the equilibrium between 

DNA aptamers and Fe3O4-AuNPs. In order to determine the actual amount of each 

sequence that was removed when the target is introduced, the amount of each sequence 

that is found in the supernatant of a blank sample is subtracted. Compared to adsorption 

and removal of one aptamer sequence, three aptamer sequences resulted in a third of the 

concentration of each sequence being added. Analyzing the percentage of each sequence 

adsorbed was possible (section 4.3.3). However, as previously discussed with the 

removal of 1.12.2, the amount of ssDNA removed was not visible by UV-Vis analysis of 

the PAGE gel and required modification of the sequence. Optimization of this procedure 

to assess the specificity of this POC study would require amplification of the sequences 

by PCR before PAGE analysis or modification of the ssDNA sequences. 

 Comparing centrifugation with magnetic separation via Fe3O4-AuNPs, it is 

suggested that both methods result in the non-specific removal of ssDNA aptamers. 

Although magnetic separation appeared to slightly increase specificity, this improvement 

is not significant when considering the error associated with these results (Figure 4.9).  

 

4.3.5 Comparing Fe3O4-AuNP to centrifugation for SELEX separation  

 There were two main problems with centrifugation as a separation method for 

AuNP SELEX. Both, the presence of AuNP in the supernatant solution after 

centrifugation and the difference in salt induced AuNP aggregation before and after 



 148 

centrifugation were a concern. This section aims to demonstrate that magnetic separation 

with synthesized Fe3O4-AuNPs is superior to centrifugation as a partitioning method for 

AuNP SELEX and that the previously mentioned concerns with separation have been 

addressed. First, the presence of nanoparticles in the supernatant solutions were analyzed 

by TEM and these local concentrations were qualitatively compared to one another. The 

UV-Vis absorption spectra of these samples could not be used as a method of comparison 

due to the low concentrations of nanoparticles found within these samples. Figure 4.10 

displays the AuNPs present in solution after centrifugation at 14,000 g for 30 mins. In 

comparison, the Fe3O4-AuNPs present in solution after magnetic separation for 30 mins 

are displayed (Figure 4.10). TEM analysis suggests that there are less Fe3O4-AuNPs in 

solution after magnetic separation than AuNPs in solution after centrifugation. In 

addition, the speed that is required to separate this amount of AuNPs from solution by 

centrifugation results in a tendency to undergo unexpected salt induced aggregation. With 

this considered, magnetic separation for AuNP SELEX is advantageous in comparison. 

Next, salt induced aggregation of AuNPs after separation by centrifugation and Fe3O4-

AuNPs after magnetic separation was investigated. As previously discussed in section 

2.3.4, centrifugation influences salt-induced AuNP aggregation. Specifically, high 

centrifuge speeds and shorter aptamer sequences are found to affect aggregation results. 

More importantly, it is crucial to note that the adsorption of DNA aptamers has been 

reported to protect AuNP from salt induced aggregation. Assuming salt induced 

aggregation can predict the presence or absence of DNA aptamers on the surface of 

AuNPs, the change in aggregation results with separation via centrifugation is 

concerning. To assess magnetic separation as an improved separation method, salt 
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induced aggregation of nanoparticles before and after separation was examined. 

However, AuNPs capped with sodium citrate and Fe3O4-AuNPs capped with DMAP 

were found to behave differently with respect to salt induced aggregation. Various 

nanoparticle-capping agents can withstand different concentrations of sodium chloride 

(NaCl). It has been reported that the stronger the interaction of the capping agent with the 

nanoparticle surface, the more resistance the nanoparticles are to salt induced 

aggregation. Both concentration of salt and the time required to observe aggregation have 

been shown to fluctuate depending on the capping agent used.169 Therefore, a higher 

concentration of salt could be required to prompt salt-induced aggregation of the DMAP 

capped Fe3O4-AuNPs in comparison to the citrate capped AuNPs (0.25 M).  

 

  

Figure 4.10 TEM images at 1 μm of AuNPs (11 nM) in supernatant after separation with 

centrifugation at 13,000g for 30 mins (left) and of Fe3O4-AuNPs (~ 10 nM) in supernatant after 

magnetic separation (right). 

 

 In order to further compare these two separation methods, the AuNP bioassay was 

employed. Previously, the interaction between ssDNA and AuNPs was tested with the 
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AuNP bioassay before and after AuNPs were separated from solution by centrifugation. 

It was suggested, with 1.12.2, that the interaction between this ssDNA aptamer and the 

AuNPs in solution was disrupted during separation. Magnetic separation with Fe3O4-

AuNPs was compared to centrifugation by investigating the results the AuNP bioassay. It 

appeared that magnetic separation did not have an effect on the interaction between 

AuNPs and 1.12.2 (Figure 4.10). However, with no salt-induced aggregation of the AuNP 

control, this result was not a reliable method of assessing the separation platform. This 

difference in salt induced aggregation is attributed to the difference in capping agents 

between AuNPs and Fe3O4-AuNPs. DMAP capped Fe3O4-AuNPs can withstand a much 

higher concentration against salt-induced aggregation. The addition of 0.5 M, 1.0 M and 

1.5 M NaCl to a control sample did not induce aggregation of DMAP capped Fe3O4-

AuNPs solution. Therefore, the AuNP bioassay was not a possible method for comparing 

the integrity of these separation methods for AuNP-based SELEX.  

 

4.4 Conclusions  

 Although previous studies have shown the adsorption of dsDNA onto DMAP 

capped AuNPs, no studies have investigated the adsorption of ssDNA aptamers onto 

DMAP capped Fe3O4-AuNPs. Optimization of Fe3O4-AuNPs as a platform for ssDNA 

adsorption is of particular interest as this could provide a quick and reliable separation 

method for AuNP-based SELEX and other aptamer applications. Adsorption of ssDNA 

onto Fe3O4-AuNPs and removal of these adsorbed sequences was attempted through a 

proof-of-concept study. Three different aptamers were successfully adsorbed onto the 

surface of Fe3O4-AuNPs and separated from solution via magnetic separation. All three 
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sequences were adsorbed individually and competitively at relatively similar quantities. 

However, the detection limits of UV-Vis via PAGE analysis prevented the quantification 

of removed aptamer when introduced to target. To quantify and compare the amount of 

each aptamer sequence removed with the addition of OTA, the removed sequences could 

be amplified by PCR amplification. This would increase the amount of each sequence 

sufficiently to estimate the relative amounts of each aptamer sequence by PAGE analysis. 

These amounts could be compared to assess the specificity of the developed AuNP-based 

SELEX platform. 1.12.2 modified with fluorescein was used to assess the specificity and 

reliability of Fe3O4-AuNPs as a partitioning method. Since the removal of sequences is 

found to be non-specific, regardless of the separation method, it is proposed that the 

equilibrium between ssDNA and AuNPs is the main challenge with this SELEX design. 

To overcome this, the manner in which the AuNPs are incorporated as a SELEX platform 

should be revisited. With the optimization of Fe3O4-AuNPs as a quick, reliable separation 

method, the core-shell NP could be used as a negative selection during SELEX.  

Proposed as further studies in chapter 5, adding a negative selection round would 

eliminate multiple AuNP based separations. After an initial library of DNA sequences is 

incubated with Fe3O4-AuNPs, the sequences that adsorbed onto the Fe3O4-AuNP surface 

could be separated, amplified and identified. These sequences would continue in the 

selection process. Once the target molecule of interest and this reduced DNA library are 

incubated, Fe3O4-AuNPs can be introduced as a negative selection. The sequences 

without affinity for the target molecule will be available to adsorb onto the surface of 

Fe3O4-AuNPs. The magnetic core will allow for these non-binding sequences on the 

surface of the nanoparticle to be removed from solution, and from the DNA library 
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(Figure 4.11). In addition, it is not forgotten that the synthesized Fe3O4-AuNPs are 

capped with DMAP in comparison to citrate. This difference is important to consider, and 

should be tested further. Either determining if the AuNP assay is feasible with DMAP as 

a capping agent, or capping Fe3O4-AuNPs with citrate is an important next step in the 

development of this platform.  

 

Figure 4.11 Proposed two-step AuNP-based SELEX process. Adsorbed sequences are separated (with 

Fe3O4-AuNP magnetic separation). The adsorbed sequences are identified and used as the library 

that is incubated with the target molecule. Sequences of this library without affinity for the target, 

are available and adsorbed onto the Fe3O4-AuNP surface to be removed via magnetic separation. The 

sequences with an affinity for the target molecule that is greater than the adsorption of those 

sequences to the AuNP surface are isolated through two steps of selection. These sequences can be 

eluted from the target, amplified via PCR amplification and used for the next round of selection.   
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Chapter 5: Contributions to knowledge and further studies  

 This research presented the challenges and opportunities associated with a novel 

AuNP-based SELEX design. Optimizing a reliable separation method for selection 

through AuNP-based SELEX was the focus of this work. Limitations of previously 

reported SELEX partitioning methods lead to the synthesis, optimization, and transfer of 

DMAP capped Fe3O4-AuNPs. The adsorption of various ssDNA aptamers onto DMAP 

capped Fe3O4-AuNPs is a promising result that leaves opportunities for DMAP capped 

Fe3O4-AuNPs as a selection or bioassay platform. The amount of DMAP capped Fe3O4-

AuNPs required as a selection platform was estimated and determined as a realistic 

working volume for the novel selection method. However, the specificity of the 

developed SELEX platform was unresolved due to difficulties encountered during initial 

partitioning and optimization. Despite these challenges, AuNP-based SELEX is 

beneficial for improving selected aptamers for AuNP biosensor working conditions. If 

not by incorporating AuNPs into SELEX as the selection platform, the optimized DMAP 

capped Fe3O4-AuNPs could be used as a two step selection method including a negative 

selection round to improve the specificity of aptamers used in AuNP- based sensors. In 

addition, aptamers could be adsorbed or covalently bound to Fe3O4-AuNPs for various 

other biosensor and biomedical applications.  

 Although this preliminary work displays the promise of AuNPs as a platform for 

small molecule SELEX, a number of key experiments are required to confirm the 

potential of Fe3O4-AuNPs as a partitioning platform. The Fe3O4-AuNPs were capped 

with DMAP for phase transfer of the synthesized core-shell nanoparticles into aqueous 
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solution. However, this differs from the citrate capped AuNPs used for both the AuNP 

bioassay and LFD. Therefore, it is of importance to investigate if this alteration is capable 

of mimicking adsorption of ssDNA onto citrate capped AuNPs and future testing 

conditions. To test this, the AuNP bioassay with DMAP capped AuNPs should be 

compared to the results of the assay with citrate capped AuNPs. Furthermore, transfer 

and capping Fe3O4-AuNPs with citrate instead of DMAP should be investigated and 

optimized for further opportunities and consistency. 

  It is suggested that both the partitioning method and the equilibrium between the 

adsorbed sequences and the AuNP platform can determine the success of this SELEX 

design. Therefore, the specificity and reliability of DMAP capped Fe3O4-AuNPs should 

be confirmed. Difficulty with assessing the amount of each sequence removed from the 

DMAP capped Fe3O4-AuNP surface after target incubation was associated with the 

limitations of PAGE as an analysis method. Therefore, amplification of the sequences 

with PCR should be employed to visualize the amount of each sequence removed. Tests 

should be completed to demonstrate that the removal of sequences from the AuNP 

surface is due to specific binding events. By comparing the amount and identity of each 

sequence removed when a similar molecule or blank solution is introduced, the 

specificity of the developed platform can be confirmed. 

 As previously discussed, investigation of the specificity of the developed SELEX 

platform via two different separation methods resulted in the non-specific removal of 

ssDNA aptamers from the AuNP surface. These results suggest that the main contributing 

factor is not the separation technique but the non-covalent interaction between the ssDNA 

and AuNPs. This design requires two partitioning steps; isolating ssDNA-AuNP 
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complexes from free ssDNA in solution, and separating the sequences removed with 

target from sequences remaining on the AuNP surface. It is suggested that the sequences 

removed with target cannot be accurately determined as the first separation causes a shift 

in the equilibrium between the ssDNA-AuNP complex and the individual components 

(ssDNA and AuNPs). An alternative possibility is that the optimized Fe3O4-AuNPs could 

act as a negative selection platform after identifying, which sequences adsorb onto the 

surface of Fe3O4-AuNPs. For this method, the order of incubation that is outlined in the 

original design of the AuNP-based SELEX would be reversed (Figure 4.11). To test this, 

a proof-of-concept type analysis could be used to show that sequences without affinity 

for the target can be removed from solution while sequences with affinity for the target 

remain in the supernatant after magnetic separation. This would eliminate the challenges 

faced during multi-step separations, while improving the specificity of DNA aptamers 

selected under AuNP-based sensor conditions.  
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Appendices 

Appendix A   

 

Figure 5.1 TEM image with a 100 nm scale bar of synthesized citrate capped gold nanoparticles 

(AuNPs)  

 

 

Figure 5.2 UV-Vis spectrum of synthesized citrate capped gold nanoparticles (AuNPs) 
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Figure 5.3 Example UV-Vis absorption of agarose gel image after ssDNA-AuNP conjugates and free 

ssDNA aptamer/AuNPs migration (3h at 200V) 
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