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ABSTRACT 

Sample preparation is vital in nucleic acid analysis. Cell lysis is generally the first step in 

DNA sample preparation where the cell membrane is disrupted to release intracellular 

components such as DNA. Moreover, the isolation and enrichment of nucleic acids is essential to 

prevent false negative results from enzymatic detection methods that are sensitive to impurities. 

Conventional nucleic acid sample preparation methods are tedious and time-consuming, limiting 

sample throughputs and the ability for automation and point-of-care diagnostics. Given the 

drawbacks of conventional methods and the need to provide rapid results, innovative cell lysis 

and DNA purification procedures should be investigated to improve sample throughputs while 

ensuring sample purity. 

Magnetic ionic liquids (MILs) are molten salts that exhibit magnetic susceptibility due to 

a paramagnetic component within the chemical structure of the anion or cation. As a subclass of 

ionic liquids (ILs), MILs exhibit similar advantageous physicochemical properties to ILs, such as 

negligible vapor pressure and tunable viscosity. The paramagnetic nature of MILs has attracted 

substantial interest in sample preparation technologies as the solvent can be rapidly collected 

using a magnet avoiding traditional centrifugation steps required to collect the analyte-enriched 

extraction solvent.  

Nucleic acid analysis can be broken into three distant steps, including 1) cell lysis, 2) 

DNA extraction, and 3) detection. DNA sample preparation is essential to remove cellular debris 

and impurities to permit enzymatic detection (i.e., polymerase chain reaction (PCR) and 

sequencing). Therefore, hexafluoroacetylactonate-based MILs were investigated as DNA 

extraction solvents to preconcentrate nucleic acids from complex matrices such as plasma, blood, 

and artificial sputum. The DNA-enriched MIL was collected on a rod magnet and directly 
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integrated into quantitative PCR (qPCR) and multiplex-qPCR assays with SYBR green and 

Taqman probe detection. Adding the DNA-enriched MIL into the reaction buffer drastically 

reduced the sample preparation time improving sample throughputs without inhibiting PCR 

efficiency.  

A sequence-specific preconcentration step may be required to prevent low abundance 

nucleic acids from being masked by background DNA. Wild-type DNA sometimes differs by a 

single nucleotide, making it challenging to preconcentrate only the mutant target. Therefore, ion-

tagged oligonucleotides (ITOs) were previously designed to capitalize on Watson-Crick base 

pairing to selectively anneal to DNA sequences. An ITO probe contains an imidazolium-based 

tag that allows the probe to be captured by a hydrophobic MIL that poorly extracts nucleic acids. 

A rapid sequence-specific DNA extraction (i.e., 11 min) to preconcentrate target nucleic acids 

was developed by dispersing a manganese(II)-based MIL in the sample after the ITO probe 

annealed to the target DNA. The DNA-enriched MIL was then integrated into the qPCR assay 

for analysis. The dispersive ITO-MIL sequence-specific extraction method could selectively 

extract nucleic acids from plasma, artificial sputum, and artificial urine. With the ITO-MIL 

extraction, 0.1% BRAF V600E (99.9% wild-type BRAF) could be discriminated from a 100% 

wild-type BRAF standard. In comparison, without the sequence-specific extraction, the 9% 

BRAF V600E could not be differentiated from the 100% wild-type BRAF standard. Commercial 

streptavidin-coated magnetic beads with biotin-modified oligonucleotides were unable to 

selectively extract target nucleic acids from plasma. This suggests that a total DNA extraction 

should be performed prior to a sequence-specific extraction using the commercial beads, which 

would drastically limit sample throughputs.  
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Cell lysis is the vital first step in DNA analysis. The cell membrane is either solubilized 

by a lysis reagent or disrupted by physical stress. However, conventional chemical cell lysis 

methods often inhibit downstream bioanalytical detection requiring substantial purification. In 

comparison, mechanical lysis methods need to be strong enough to break the cells. However, if 

the shear and friction forces are too strong genomic DNA can be damaged. To overcome the 

limitations of conventional cell lysis methods, MILs were investigated as lysis reagents. A 

hydrophobic MIL was dispersed in a blood sample and recovered with a magnet. The MIL 

simultaneously lysed blood cells and extracted DNA during the dispersion step. The 1 min 

sample preparation method using MILs captured picogram levels of genomic DNA without 

inhibiting the qPCR reaction. The metal ion incorporated within the MIL (i.e., Ni(II), Co(II), 

Dy(III), and Gd(III)) appears to cause hemolysis, while the cationic component reduces the cell’s 

integrity by interacting with the cell membrane.  
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CHAPTER 1.     

INTRODUCTION 

1.1 Introduction to ionic liquids and magnetic ionic liquids  

 Ionic liquids (ILs) are molten salts that possess melting temperatures at or below 100°C. 

Since their discovery in 1914, ILs have been applied in separation, electrochemical, biomass 

conversion, synthesis, and catalysis technologies.1,2 Furthermore, ILs have been shown to have 

several unique physicochemical properties, such as negligible vapor pressures at ambient 

temperatures, high conductivity, and tunable viscosity. It has been estimated that over 1018 

unique ILs can be produced3, and the differences in chemical structure can provide a multitude of 

interactions with analytes.  

 Magnetic ionic liquids (MILs) are a subclass of ILs that possess a paramagnetic 

component within the chemical structure, allowing the solvent to respond to an external magnetic 

field. Moreover, MILs possess similar physiochemical properties to ILs.4 In 2004, Hayashi and 

co-workers reported the first MIL, 1-butyl-3-methylimidazolium tetrachloroferrate(III) 

([BMIM+][FeCl4
-]), and described the solvent’s magnetic suseptability5. The initially reported 

[FeCl4
-]-based MILs suffer from high viscosities and hydrolyzed in water, limiting their 

application in sample preparation.6,7 Therefore, new MIL structures have been explored to reduce 

the drawbacks of Fe(III)-based MILs, and some of the common cation and anion structures are 

illustrated in Table 1-1. The viscosity of MILs can be lowered by utilizing weakly coordinating 

metal complexes using hexafluoroacetylacetonate and imidazolium ligands, and transition and 

lanthanide metals (i.e., Ni(II), Co(II), Mn(II), Dy(III), Gd(III), or Nd(III)) have been examined as 

paramagnetic components.6,8,9 In particular, incorporating a lanthanide metal into the MIL  
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structure is highly attractive as rare Earth metals possess higher magnetic moments compared to 

transition metals.10 

Table 1-1 Common chemical structures used in MILs. 

 

 Recently, MILs have been the subject of interest in analytical chemistry as extraction 

solvents.11–13 Traditional liquid-liquid extractions (LLE) utilize centrifugation to isolate analyte-

enriched extraction media (i.e., 1-octanol, cyclohexane, chloroform, hexylmethylimidazolium 

hexafluorophosphate ([C6MIM+][PF6
-]).14 Analyte-enriched MIL droplets can be rapidly 

collected using an external magnet removing the need for tedious centrifugation steps.4,15 

However, MILs need to be insoluble in the sample matrix for droplets to exhibit magnetic 

susceptibility.16 Therefore, a hydrophobic MIL is required to perform extractions from aqueous 

samples containing analytes such as environmental contaminants or biological molecules. 

Designing the MIL structure to contain long alkyl chains, perfluoroalkyl groups, fluorene-rich 
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ligands, or aromatic groups within the chemical structure can result in MILs immiscible in water 

down to 0.01% (w/v).6,17–19 

1.2 Overview of cell lysis methods 

Cell lysis is the process of disrupting cell membranes to access intracellular components 

such as DNA, RNA, and proteins. A cell lysis procedure is often the vital first step in analyzing 

intracellular components as a poor lysis efficiency will limit the amount of free analytes 

available for detection.20 There are numerous lysis procedures that can be broadly categorized as 

chemical or mechanical lysis methods. Different approaches to cell lysis offer unique advantages 

and disadvantages that can affect the quantity, purity, and integrity of analytes. 

Mechanical lysis methods include bead beating, grinding, freeze-thaw, surface acoustic 

wave (SAW) agitation, and sonication.21 These procedures physically penetrate the cell 

membrane through shear stress, friction forces, and compressive stress to release cellular 

components.22 Additional purification steps may not be required with mechanical lysis methods 

since they do not require chemical lysis reagents that inhibit downstream bioanalytical analysis. 

Mechanical lysis approaches need to be of sufficient strength to lyse the cells, as methods like 

SAW agitation often produce low lysis efficiencies.23 However, the physical stress placed on the 

cells can damage nucleic acids. Mechanical lysis methods also may require instrumentation such 

as a sonicator or SAW device that may limit their use in point-of-care applications. 

Surfactants such as sodium dodecyl sulfate (SDS), cetrimonium bromide (CTAB), Triton 

x-100 are some of the most common approaches to chemical cell lysis.21 These reagents can 

solubilize the cell membrane to release intracellular components. Although effective at lysing 

cells without instrumentation, these surfactants generally inhibit downstream biological detection 

methods such as sequencing, polymerase chain reaction (PCR), and membrane sensors.24,25 To 
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overcome this limitation, additional purification steps maybe be required to remove the lysis 

reagent. 

The ability of ILs to disrupt muscle tissue cells26, viruses27, gram-positive28,29, and gram-

negative cells28,29 have been investigated. In these methods, the cells were incubated with the IL 

at elevated temperatures to effectively lyse cells. Hydrophilic ILs are effective at lysing various 

cell types, while hydrophobic ILs struggle to lyse gram-positive cells, due to the cell’s thick 

peptidoglycan layer. However, like most surfactant-based lysis methods, ILs can inhibit 

downstream bioanalytical detection and require the sample to be diluted or a subsequent 

purification step to remove the IL.28  

1.3 Overview of nucleic acid extraction methods 

 DNA analysis has become the cornerstone of forensic analysis, clinical diagnostics, 

environmental analysis, and food safety. The speed of DNA analysis has improved over time by 

developing thermocyclers capable of rapidly cycling between temperatures.30 Nucleic acid 

sample preparation is vital since bioassays such as PCR and DNA sequencing are sensitive to 

inhibitors present in biological and environmental matrices. However, sample preparation has 

become an overlooked bottleneck in nucleic acid analysis as conventional extraction methods are 

tedious and time-consuming.  

 Phenol-chloroform-based extractions are some of the most common nucleic acid 

purification methods.31–34 In this biphasic extraction method, proteins and lipids partition to the 

denser phenol-chloroform phase while DNA remains in the aqueous phase. Nucleic acids can be 

further purified via ethanol or isopropanol precipitation. Although effective phenol-chloroform-

based extractions often require several time consuming separation and washing steps to 

sufficiently purify nucleic acids for bioanalytical analysis. Furthermore, large volumes of toxic 
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organic solvents are required for phenol-chloroform-based extractions that have raised health and 

environmental concerns. 

 Silica-based solid-phase extractions (SPE) have been developed to limit the use of toxic 

organic solvents used in nucleic acid extractions. In these procedures, the nucleic acid is 

dehydrated using a chaotropic salt and reversibly bound to the silica sorbent through hydrogen 

bond interactions. The sorbent is then washed with ethanol or isopropanol to remove impurities, 

and nucleic acids are eluted with a low ionic strength solvent. SPE methods often utilize 

proteinase K or RNase prior to degrade protein and RNA interferences, respectively. Although 

SPE methods are widely utilized in forensic35, environmental36, archaeological37, and clinical 

applications38, SPE nucleic acid extractions require centrifugation or vacuum-assisted flow that 

limit automation and point-of-care applications. 

 To reduce the limitations of conventional nucleic extraction methods, Wang and co-

workers first investigated using ILs as DNA extraction solvents.39 Using an oscillator to disperse 

the 1-butyl-3-methylimidazolium hexafluorophosphate ([BMIM+][PF6-]) IL, a 99% extraction 

efficiency was achieved, and 30% of the DNA was recovered from the IL phase. FTIR and 31P 

NMR analysis demonstrated that electrostatic interactions between the IL’s cation and the 

phosphate backbone of the DNA strand primarily facilitated the extraction. Subsequent studies 

have also shown that dispersion forces, hydrogen bonding, and π-π interactions aid in the 

extraction of DNA by ILs.40 Fe(III)-based MILs were first applied as DNA extraction solvents in 

Clark et al.41 Extraction efficiencies over 90% were achieved, and DNA of sufficient quality and 

quantity was recovered from the MIL for PCR detection. In a subsequent study, DNA-enriched 

MILs were added directly into a PCR buffer designed to alleviate inhibition caused by the 
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Fe(III)-based MILs.7 DNA was desorbed from the MIL during the reaction, which reduced the 

amount of time required for sample preparation. 

 Silica-based SPE and phenol-chloroform LLE methods are utilized for total nucleic acid 

extractions. However, the sorbent or solvent provides limited selectivity towards specific nucleic 

acids. In applications involving low abundance mutations, a sequence-specific preconcentration 

step may be required to prevent the desired sequence from being masked by the more abundant 

wild-type DNA. Nucleic acids possess the ability to recognize complementary sequences through 

Watson-Crick base-pair interactions. These interactions are capitalized in sequence-specific 

extractions by hybridizing target nucleic acid to a complementary oligonucleotide probe 

modified with a functional group (i.e., biotin).42 This functional group allows the probe to be 

captured by or bound to a support. Commercial methods for sequence-specific extractions utilize 

streptavidin-coated magnetic beads and biotin-modified oligonucleotides. The extraction of 

nucleic acids with streptavidin-coated beads is facilitated by the strong interaction between the 

probe and support phase as the streptavidin beads poorly extract DNA without the probe. The 

bond between streptavidin and biotin is one of the strongest non-covalent interactions known in 

nature (Kd = 4 × 1014 M) and is resistant to organic solvents, detergents, and elevated 

temperatures.43 Although streptavidin-coated magnetic beads and biotinylated probes are 

effective at selectively extracting nucleic acids, the beads are prone to aggregation and 

sedimentation, which can clog microfluidic devices and reduce extraction efficiencies due to a 

lack of surface area.44,45 Most commercial kits utilizing streptavidin-coated magnetic beads also 

recommend performing the sequence-specific extraction after a total nucleic acid extraction as 

biological fluids, which drastically decreases sample throughputs. 
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1.4 Overview of nucleic acid amplification methods 

 PCR is an enzymatic nucleic acid amplification method capable of rapidly generating 

millions of copies of DNA from as little as a single DNA strand. Since its discovery in 1986, 

PCR has become the cornerstone of forensics, clinical, and environmental applications.46–48 PCR 

consists of three distinct steps that are illustrated in Figure 1-1. Initially, DNA is denatured at 90- 

98°C. Oligonucleotide primers hybridize to complementary regions on the single-stranded DNA 

(ssDNA) at temperatures ranging from 55-65°C. A thermally stable DNA polymerase 

subsequently extends the sequence to generate a new DNA strand. This process is generally 

repeated for 40 cycles to exponentially generate large quantities of the target DNA region. 

  

Figure 1-1 Schematic illustrating PCR amplification.  
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PCR products can be detected after amplification by separating amplicons using agarose 

gel electrophoresis. However, agarose gels with fluorescence detection are only semi-

quantitative and require a substantial amount of time to acquire high-quality gels. To reduce the 

amount of time needed for DNA analysis, quantitative PCR (qPCR) was developed to track the 

accumulation of DNA amplicons in real-time using intercalating DNA binding dyes such as 

SYBR green or sequence-specific probes labeled with a fluorescent reporter dye and a 

quencher.49,50 Non-specific DNA binding dyes strongly fluoresce when bound to double-stranded 

DNA (dsDNA) and poorly fluoresce with RNA or ssDNA.51 Taqman or hydrolysis probes are 

comprised of a sequence-specific DNA oligonucleotide containing a fluorophore (i.e., 

fluorescein (FAM), hexachlorofluorescein (HEX), or cyanine 5 (CY5)) and a quencher. During 

the PCR annealing step, the Taqman probe anneals to the target at the same time as the primers. 

As the DNA polymerase extends the sequence, the 5’→3’ exonuclease activity of the polymerase 

degrades the probe separating the fluorophore from the quencher allowing fluorescence 

detection. qPCR can permit quantitative analysis as samples corresponding to a low threshold 

cycle (Cq) indicate a higher initial quantity of DNA than samples with a high Cq. The Cq is the 

cycle number where the fluorescence signal from the PCR product is above the background  

 

Figure 1-2 qPCR amplification curves generated from two samples that initially contained more 

(orange) and relatively less (blue) DNA. 
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signal. A calibration curve can be constructed by plotting the collected Cq against the logarithm 

of the initial amount of DNA in the reaction. The amount of DNA within a PCR cycle, in theory, 

should double with each cycle, and PCR efficiency can be calculated from the slope of the 

standard curve. The equation for PCR efficiency is shown in Equation 1. In general, the  

Amplification Efficiency = (10
(

−1

𝑠𝑙𝑜𝑝𝑒
)

− 1) × 100%                            (1) 

amplification efficiency should fall between 90-110%, and deviations from this range generally 

indicate that the primers were poorly designed, impurities, or pipetting errors.52,53 

1.5 Organization of the dissertation 

Chapter 2 describes the integration of four DNA-enriched MILs into custom-designed qPCR 

buffers to relieve inhibition caused by the MIL. The four hydrophobic MILs were either 

suspended from a rod magnet or dispersed in a sample to extract KRAS DNA. DNA was 

preconcentrated in the MIL and desorbed during the qPCR reaction. The addition of a Ni(II)-

based MIL to the reaction buffer did not affect the amplification efficiency. In contrast, adding 

commercial magnetic beads to the qPCR assay slightly inhibited the reaction. 

Chapter 3 describes the integration of three Ni(II)-based MILs into a multiplex-qPCR assay to 

simultaneously amplify three circulating tumor DNA fragments. Allelic discrimination between 

single nucleotide polymorphisms (SNPs) was obtained with a hydrophobic MIL integrated into 

the multiplex-qPCR assay, and the amplification efficiency of all three sequences fell between 

90-110%, suggesting that all three sequences are simultaneously amplifying without inhibition. 

The MILs were then employed as DNA extraction solvents to successfully preconcentrate the 

three fragments from a plasma matrix.   

Chapter 4 describes the development of a dispersive sequence-specific DNA extraction using 

hybridization probes called ion-tagged oligonucleotides (ITOs) and one of three Mn(II)-based 
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MILs. The dispersive method allowed for lower detection limits compared to the previously 

reported static ITO-MIL extraction method. Dispersing the MIL in the sample also shortened the 

extraction time required to 11 min while previously reported studies required 30 min. The MILs 

were designed to limit the co-extraction of proteins by integrating aromatic groups into the 

chemical structure of the MIL. The ITO-MIL extraction method was capable of selectively 

preconcentrating the KRAS DNA 4-fold from a diluted plasma matrix, while commercial 

streptavidin-coated magnetic beads and biotinylated probes fail to selectively extract DNA from 

a diluted plasma matrix. 

Chapter 5 details the investigation into the sequence-specific extraction of the low abundant 

BRAF V600E from plasma, artificial urine, and artificial sputum matrices containing large 

amounts of wild-type BRAF. The introduction of the dispersive ITO-MIL extraction prior to 

qPCR detection allowed for samples consisting of 0.1% BRAF V600E (50 fg·µL-1 V600E BRAF, 

50,000 fg·µL-1 wild-type  BRAF to be distinguished from the 100% wild-type BRAF standard. In 

contrast, the 9% BRAF V600E standard (50 fg·µL-1 BRAF V600E, 500 fg·µL-1 wild-type  BRAF) 

could not be distinguished from the 100% WT BRAF standard using qPCR alone. 

Chapter 6 describes the development of a one-step cell lysis and DNA extraction method using 

nine hydrophobic MILs. The effect of the cation, ligand, and metal center on the lysis of blood 

cells investigated where the Ni(II)-based MILs with aromatic components in either the cation or 

anion structure captured the most human genomic DNA from a blood matrix. Picogram amounts 

of genomic DNA were recovered from the 1 min lysis and extraction step from 2-fold diluted 

blood, whole blood, and reconstituted dry bloodstains. Limited amounts of PCR inhibitors and 

DNases were coextracted by the MIL as evidenced by PCR efficiencies ranging from 90-110% 

and DNA being stable within the MIL for at least 24 h.  
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Abstract 

 Nucleic acid extraction and purification represents a major bottleneck in DNA analysis. 

Traditional methods for DNA purification often require reagents that may inhibit quantitative 

polymerase chain reaction (qPCR) if not sufficiently removed from the sample. Approaches that 

employ magnetic beads may exhibit lower extraction efficiencies due to sedimentation and 

aggregation. In this study, four hydrophobic magnetic ionic liquids (MILs) were investigated as 

DNA extraction solvents with the goal of improving DNA enrichment factors and compatibility 

with downstream bioanalytical techniques. By designing custom qPCR buffers, DNA-enriched 

MILs including trihexyl(tetradecyl)phosphonium tris(hexafluoroacetylaceto)nickelate(II) 

([P6,6,6,14
+][Ni(hfacac)3

-]), [P6,6,6,14
+] tris(hexafluoroacetylaceto)colbaltate(II) ([Co(hfacac)3

-]), 

[P6,6,6,14
+] tris(hexafluoroacetylaceto)manganate(II) ([Mn(hfacac)3

-]), or [P6,6,6,14
+] 

tetrakis(hexafluoroacetylaceto)dysprosate(III)  ([Dy(hfacac)4
-]) could be directly incorporated 

into reaction system thereby circumventing  the need for time consuming DNA recovery steps. 

Incorporating MILs into the reaction buffer did not significantly impact the amplification 

efficiency of the reaction (91.1%). High enrichment factors were achieved using the 

[P6,6,6,14
+][Ni(hfacac)3

-] MIL for the extraction of single-stranded and double-stranded DNA with 

extraction times as short as 2 min. When compared to a commercial magnetic bead-based 
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platform, the [P6,6,6,14
+][Ni(hfacac)3

-] MIL was capable of producing higher enrichment factors 

for single-stranded DNA and similar enrichment factors for double-stranded DNA. The MIL-

based method was applied for the extraction and direct qPCR amplification of mutation prone-

KRAS oncogene fragment in plasma samples. 

2.1 Introduction 

 DNA amplification by polymerase chain reaction (PCR) has become the cornerstone of 

nucleic acid analysis for forensic1, clinical2, and environmental applications3. Although PCR is 

capable of selectively amplifying and detecting small quantities of nucleic acid, the technique 

has a low tolerance toward impurities. Therefore, target DNA needs to be purified from complex 

matrices such as blood, plasma, and urine.4 Traditional phenol-chloroform based liquid-liquid 

extraction (LLE) may provide high quality nucleic acid, but is difficult to automate and requires 

organic solvents that are potentially harmful to users and the environment.5 As an alternative, 

solid phase extraction (SPE) methods are capable of purifying DNA without the need of toxic 

organic solvents. However, SPE generally relies on multiple time consuming centrifugation steps 

and requires a centrifuge or vacuum apparatus that renders the method difficult to automate. 

Silica-based magnetic beads are commercially available magnetoactive extraction sorbents that 

can be dispersed in a sample to bind dehydrated DNA through a combination of electrostatic and 

hydrogen bonding interactions. Subsequent application of a magnetic field permits rapid 

collection of DNA-enriched beads thereby removing several centrifugation steps from a DNA 

extraction procedure.6 However, magnetic bead-based DNA extraction methods are expensive 

and require high concentrations of guanidine HCl and organic solvents that can inhibit PCR if 

these reagents are insufficiently removed. These approaches are also limited by sedimentation of 

the magnetic substrate, which decreases the amount of DNA that can be extracted and may clog 
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microfluidic devices.7  As a result, alternative DNA extraction methods need to be thoroughly 

explored to avoid use of toxic organic solvents necessary for LLE, circumvent the use of 

multiple centrifugation steps required in commercial SPE kits, and overcome sedimentation 

caused by magnetic beads. 

 An ideal extraction method should be capable of rapidly purifying and preconcentrating 

DNA from complex samples into a medium that is compatible with downstream analysis. Large 

forensic and clinical case backlogs have produced a demand for rapid and fully automated DNA 

extraction methods that facilitate high throughput analysis.8 Magnetic ionic liquids (MILs) are a 

subclass of ionic liquids (ILs) containing a paramagnetic component in either the cation or anion 

that can be manipulated by the application of an external magnetic field. Similar to conventional 

ILs, MILs can be designed to exhibit high thermal stability, low vapor pressure, and tunable 

physiochemical properties.9-11 Recently, MILs have been applied as extraction solvents for the 

isolation of DNA12,13, viable bacterial cells14, hormones15,  and pharmaceuticals.16,17 Using 

carefully designed PCR buffers, MIL-based DNA extraction was  successfully coupled to 

endpoint PCR allowing for direct amplification of target DNA from the MIL extraction solvent.18 

The transfer of DNA-enriched MIL into the PCR mixture immediately after the extraction step 

circumvented the need for  tedious DNA recovery and purification procedures, decreasing 

overall analysis times.18 However, endpoint PCR requires a time consuming post-amplification 

electrophoretic separation step prior to amplicon detection and is only capable of providing semi-

quantitative information.  

Quantitative PCR (qPCR) overcomes the aforementioned disadvantages of endpoint PCR 

by allowing nucleic acid amplification to be monitored in real-time. During SYBR Green I – 

based qPCR assays, the fluorescent dye binds to dsDNA as it accumulates due to enzymatic 
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amplification resulting in an increase in fluorescence as the amount of amplicon DNA increases. 

The concentration of template DNA initially present in the reaction can be related to the 

threshold cycle (Cq), which is defined as the cycle in which the fluorescent signal surpasses a 

defined fluorescence threshold. A lower Cq value indicates that the reaction initially contained 

more template DNA compared to a reaction generating a higher Cq value. The Cq value is 

linearly related to the log of the initial concentration of template DNA undergoing amplification, 

and by generating a standard curve the efficiency of the reaction can be determined. Coupling 

MIL-based DNA extraction to direct qPCR amplification has the potential to provide a 

streamlined method for DNA extraction, amplification, and quantification.  

 Herein, we report a MIL-based extraction method for short DNA sequences that can be 

directly coupled with qPCR analysis. A series of low viscosity, hydrophobic MILs consisting of   

trihexyl(tetradecyl)phosphonium tris(hexafluoroacetylaceto)nickelate(II) ([P6,6,6,14
+][Ni(hfacac)3

-

]), [P6,6,6,14
+] tris(hexafluoroacetylaceto)colbaltate(II) ([Co(hfacac)3

-]), [P6,6,6,14
+] 

tris(hexafluoroacetylaceto)manganate(II) ([Mn(hfacac)3
-]), and [P6,6,6,14

+] 

tetrakis(hexafluoroacetylaceto)dysprosate(III) ([Dy(hfacac)4
-]) were studied to examine their 

DNA extraction capabilities and compatibility with qPCR amplification. After MIL-based DNA 

extraction, the MIL is rapidly collected using a magnet thereby avoiding the multiple 

centrifugation steps required in traditional extraction procedures. The [P6,6,6,14
+][Ni(hfacac)3

-] 

MIL was capable of preconcentrating a fragment of the KRAS gene, which is a mutation prone 

gene linked to pancreatic, colorectal, and lung cancer.2 The MIL-based method extracted 

sufficient KRAS template from an aqueous solution in as short as 2 min without chaotropic salts 

or toxic organic solvents that are typically required for silica-based SPE methods or traditional 

LLE. By using custom designed qPCR buffers, DNA could be directly amplified from all four 
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MILs examined. Incorporating other DNA sorbent materials such as magnetic beads or chitosan 

microparticles can also result in successful DNA amplification, but the efficiency of the 

amplification reaction often suffer and limit the use of these materials19. However, the addition 

of the [P6,6,6,14
+][Ni(hfacac)3

-] MIL to the qPCR buffer was successful without sacrificing the 

amplification efficiency. The MIL-based extraction method was also applied towards the 

extraction of KRAS gene from a plasma sample followed by direct qPCR analysis demonstrating 

the potential MIL-based extractions have towards the extraction of DNA from clinical samples. 

2.2 Materials and Methods 

2.2.1 Reagents and Materials 

Manganese(II) chloride tetrahydrate was purchased from Alfa Aesar (Ward Hill, MA, USA). 

Nickel(II) chloride (98%), ammonium hydroxide (28-30% solution in water), and  1,1,1,5,5,5-

hexafluoroacetylacetone (99%) were purchased from Acros Organics (Morris Plains, NJ, USA).  

Anhydrous diethyl ether (99.0%) was purchased from Avantor Performance Materials Inc. 

(Center Valley, PA, USA). Trihexyl(tetradecyl)phosphonium chloride (97.7%) was purchased 

from Strem Chemicals (Newburyport, MA, USA). Ethylenediaminetetraacetic acid (EDTA), 

bovine serum albumin (BSA), plasma from human, deoxyribonucleic acid sodium salt form 

salmon testes, cobalt(II) chloride hexahydrate (98.0%), dysprosium(III) chloride hexahydrate 

(99.9%), Pluronic F-108 (average molecular weight = 14600 g/mol), guanidine hydrochloride 

(99%), and magnesium chloride hexahydrate were purchased from Sigma-Aldrich (St. Louis, 

MO, USA). SYBR Green I (10,000x) was purchased from Life Technologies (Carlsbad, CA, 

USA). SsoAdvanced Universal SYBR Green Supermix and a KRAS, human PrimePCRTM SYBR 

green assay (120 base pair amplicon length) (additional information can be found on Bio-Rad’s 

website) were purchased from Bio-Rad Laboratories (Hercules, CA, USA).  PCR caps, tube 
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strips, and Dynabeads Myone Silane magnetic beads were purchased from Thermo Fisher 

Scientific (Waltham, MA, USA). Tris-HCl was purchased from RPI (Mount Prospect, IL, USA). 

Neodymium rod and cylinder magnets (0.20 T, 0.66 T, and 0.9 T) were purchased from K&J 

Magnetics (Pipersville, PA, USA). A nickel Atomax hollow cathode (1.5 in) lamp was purchased 

from PerkinElmer (Waltham, MA, USA). Deionized water (18.2 MΩ cm) obtained from a Milli-

Q water purification system was used for the preparation of all solutions (Millipore, Bedford, 

MA, USA).  

The four MILs investigated in this study were synthesized and characterized using previously 

reported procedures.20 The chemical structures of the four MILs are shown in Figure 2-1. All 

MILs were purified using diethyl ether and water and subsequently dried in a vacuum oven 

overnight. When not in use, the MIL solvents were stored in a desiccator. 

P
+

C5H11

C5H11H27C13

H11C5

O O

F3C CF3
M(hfacac)

x
-

hfacac = 

M : Ni2+, Co2+, or Mn2+, x = 3

M: Dy3+, x = 4

-

 

Figure 2-1 Chemical structures of the four hydrophobic MILs used in this study for the 

extraction of DNA. 

2.2.2 MIL-based Extraction Methods 

The general MIL single drop microextraction (SDME) procedure utilized in this study is 

depicted in Figure 2-2a. A 2 mL solution containing 2×104 copies/µL of single-stranded KRAS 

template was prepared in a 2.5 mL glass vial. A 10 µL volume of the ssDNA solution was 

removed and used as a standard. An optimized volume (e.g., 2 µL) of MIL was suspended from a 

magnetic rod (B = 0.20 T) and placed into the ssDNA solution. The solution was agitated using 

an Eppendorf I24R incubator shaker (Eppendorf, Hamburg, Germany) set at a rotation rate of 
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200 rpm. After 20 min, the recovered MIL was washed with deionized water to remove residual 

sample solution, and a 0.3 µL aliquot of DNA-enriched MIL was placed into a qPCR tube for 

downstream analysis.  

 

Figure 2-2 Schematic illustrating the general procedures for (a) MIL-SDME and (b) MIL-SA-

DLLME. 

The general procedure used for MIL surfactant-assisted (SA) dispersive liquid-liquid 

microextraction (DLLME) is shown in Figure 2-2b. A solution containing 3 µM of Pluronic F-

108, 10 mM Tris-HCl (pH 8), and 2×104 copies/µL of single-stranded KRAS template was 

prepared in a 5 mL screw cap glass vial.  An optimized volume of MIL (e.g., 6 µL) was added to 

the aqueous solution and agitated using a Barnstead/Thermolyne Type 16700 mixer (Dubuque, 

IA, USA).  After 120 s, the MIL was separated from the aqueous solution using a rod magnet (B 

= 0.66 T) and washed with deionized water. A 0.3 µL aliquot of DNA enriched MIL was placed 

into a qPCR tube for downstream analysis.  

DNA extractions using magnetic beads were performed as suggested by the 

manufacturer. A 2 mL solution containing 2×104  copies/µL of template was prepared in a 5 mL 
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screw cap glass vial, and a 10 µL aliquot was removed for use as a standard. To the sample 

solution, 2 mL of 6 M guanidine HCl and 0.5 mL of isopropanol were added. An excess amount 

of magnetic beads (720 µg) was added to the sample solution to ensure that sufficient beads were 

present to extract all the target DNA present in the sample solution (100-fold excess amount of 

beads). After a 1 min dispersion using a vortex, the beads were collected using an external 

magnet (B = 0.9 T) and washed twice with isopropanol. The beads were subsequently suspended 

in 10 µL of H2O and 72 µg of DNA-enriched magnetic beads were added to the qPCR buffer. 

2.2.3 PCR Amplification Conditions 

Incorporating 0.3 µL of [P6,6,6,14
+][Ni(hfacac)3

-] or [P6,6,6,14
+][Co(hfacac)3

-] MIL to qPCR 

amplification systems required 10 µL of SsoAdvanced Supermix, 7.7 µL of H2O, 1 µL of 20x 

PrimePCR assay mix, and 1 µL of 20x SYBR Green I for a final volume of 20 µL. The addition 

of 0.3 µL [P6,6,6,14
+][Mn(hfacac)3

-] MIL to a 20 µL qPCR mixture required 10 µL SsoAdvanced 

Supermix, 6 µL H2O, 1 µL of 20x PrimePCR assay mix, 1 µL 80 mM EDTA, and 1 µL 20x 

SYBR Green I. The inclusion of 0.3 µL [P6,6,6,14
+][Dy(hfacac)4

-] MIL to the PCR mixture 

required 10 µL SsoAdvanced Supermix, 2.6 µL of 50 mM MgCl2, 2.6 µL of H2O, 1 µL of 20x 

PrimePCR assay mix, 1 µL 10 mg/mL BSA, 1 µL 100 mM EDTA, and 1 µL 20x SYBR Green I 

for a final volume of 20 µL. The addition of 72 µg of magnetic beads to the qPCR mixture 

required 10 µL of SsoAdvanced Supermix, 8 µL H2O, and 1 µL of 20x PrimePCR assay mix for 

a total volume of 20 µL. 

A Bio-Rad CFX96 Touch Real-time PCR was utilized for DNA amplification using the 

following temperature program: 2 min initial denaturation at 95 °C and 40 cycles comprised of a 

5 s denaturation step at 95 °C and 30 s annealing step at 60 °C followed by an optical detection  
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step. Melt curves were developed after qPCR amplification starting at 65°C for 5 s and 

increasing to 95°C in 0.5°C increments. 

The amount of DNA extracted by the hydrophobic MIL was determined from the Cq 

values associated with each reaction, which were determined using the fluorescence threshold 

provided by the Bio-Rad CFX Maestro software. Standard curves were constructed for both 

single and double-stranded KRAS template (see Figures 2-S1 and 2-S2) and used to determine 

the concentration of DNA extracted by the MIL. The enrichment factors (Ef ) for each MIL-

based extraction were calculated as shown in equation 1, where CMIL is the concentration of 

DNA extracted using the MIL and CStd represents the concentration of template in the aqueous 

sample solution prior to extraction. 

                                                       𝐸𝑓 =
𝐶𝑀𝐼𝐿

𝐶𝑆𝑡𝑑
                                                                    (1) 

2.2.4 Determination of Soluble Metal Ions using Atomic Absorption (AA) Spectroscopy 

A Shimadzu AA 7000 atomic absorption spectrometer (Kyoto, Japan) was used to 

determine the concentration of Ni2+ in the aqueous layer after MIL-based extraction using the 

method of standard addition. After a 2 min MIL-SA-DLLME procedure using 6 µL of the 

[P6,6,6,14
+][Ni(hfacac)3

-] MIL, 400 µL of the aqueous solution were diluted to 5 mL and spiked 

with 0 to 60 µM of NiCl2. To examine the effect that the nonionic surfactant had on the solubility 

of the MIL during DNA extraction, 6 µL of the [P6,6,6,14
+][Ni(hfacac)3

-] MIL were dispersed in 

the aqueous solution containing various surfactant concentrations for a desired vortex time. An 

1800 µL aliquot of the aqueous phase was then diluted to 5000 µL of water and analyzed by AA 

spectroscopy. The concentration of Ni2+ found in the aqueous solution was then determined from 

the standard curve shown in Figure 2-S3.  
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2.3 Results and Discussion 

2.3.1 Mitigating the Inhibition of qPCR Amplification Derived from Hydrophobic MILs 

The direct addition of DNA enriched MILs to the qPCR buffer allows for DNA 

desorption during the reaction and eliminates the need for tedious and time consuming DNA 

recovery steps. Previous studies have demonstrated positive qPCR amplification after directly 

transferring DNA extraction sorbents (e.g., chitosan microparticles or magnetic beads) to the 

PCR buffer.19 However, the reported amplification efficiencies fell below 90%, which precludes 

reliable DNA quantification.19 Although the elevated temperatures used during qPCR are capable 

of desorbing DNA from the MIL, it is also possible that thermal cycling may increase the 

solubility of certain MILs within the reaction buffer, as previously observed for the  [P6,6,6,14
+] 

tetrachloroferrate(III) and trioctylbenzylammonium bromotrichloroferrate(III) MILs.18 Despite 

the utility of the paramagnetic metal component for imparting magnetic susceptibility to the 

MIL, transition and rare-earth metals are known qPCR inhibitors when dissolved in reaction 

mixtures.4,21  

In this study, DNA amplification in the presence of 0.3 µL of [P6,6,6,14
+][Ni(hfacac)3

-] or 

0.3 µL of [P6,6,6,14
+][Co(hfacac)3

-] MILs was successful without the use of any additives. 

However, the fluorescence signals from reaction systems containing the [P6,6,6,14
+][Ni(hfacac)3

-] 

or [P6,6,6,14
+][Co(hfacac)3

-] MILs were depressed relative to a standard reaction that did not 

contain MIL. To investigate whether dissolved components of the MIL were inhibiting the 

fluorescence signal, 0.3 µL of [P6,6,6,14
+][Ni(hfacac)3

-] MIL and 10 µL H2O were incubated using 

the qPCR temperature program. After 40 cycles, 8 µL of the aqueous layer were removed from 

the sample tube (without disturbing the insoluble MIL phase) and were added to a qPCR mixture 

as a substitute for the pure water ordinarily used. As shown in Figure 2-S4, there was no 
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significant difference in the amplification curves generated with pure water and water that was 

subjected to incubation with MIL indicating that metal ions dissolved into the qPCR solution are 

not responsible for the diminished fluorescence signal. Another possibility is that the 

concentration of free SYBR Green I decreases due to partitioning to the MIL phase during  

qPCR. To mitigate the depletion of fluorophore from the aqueous phase, additional SYBR Green 

I was added to the reaction to recover amplification, as shown in Table 2-1. 

Despite successful amplification with the Ni(II) and Co(II)-based MILs, DNA 

amplification with the [P6,6,6,14
+][Mn(hfacac)3

-] or [P6,6,6,14
+][Dy(hfacac)4

-] MIL in the qPCR 

mixture was inhibited even in the presence of additional SYBR Green I. To combat inhibition 

caused by the cationic and anionic components of MILs, several additives including EDTA, 

additional MgCl2, and albumin have previously been examined.18 Metal chelators such as EDTA 

are often added to qPCR buffers to sequester metal ions that would otherwise inhibit the reaction 

[P
6,6,6,14

+
][Ni(hfacac)

3

-
] 

KRAS Standard 

[P
6,6,6,14

+
][Co(hfacac)

3

-
] 

[P
6,6,6,14

+
][Mn(hfacac)

3

-
] 

[P
6,6,6,14

+
][Dy(hfacac)

4

-
] 

Additives 

None 
None 

1x SYBR Green I 
None 
1x SYBR Green I 

None 

None 

4 mM EDTA 

5 mM EDTA 

4 mM EDTA and 1x SYBR Green I 

5 mM EDTA and 0.5 mg/mL BSA 
5 mM EDTA, 0.5 mg/mL BSA,  
and 6.5 mM MgCl

2
 

5 mM EDTA, 0.5 mg/mL BSA,  
6.5 mM MgCl

2
, and 1x SYBR Green I 

Cq 

23.85 

Standard 

Deviation (n = 3) 

0.32 

N/A 

N/A 
N/A 

N/A 

N/A 

N/A 
N/A 

N/A 

24.98 0.16 

25.34 
23.94 0.08 

0.73 
24.56 0.69 

25.65 

24.11 

0.41 

0.31 

25.71 
24.11 

0.17 
0.40 

Table 2-1 Summary of qPCR buffer optimization for the incorporation of 0.3 µL of 

[P6,6,6,14
+][Ni(hfacac)3

-], [P6,6,6,14+][Co(hfacac)3
-], [P6,6,6,14

+][Mn(hfacac)3
-], or 

[P6,6,6,14
+][Dy(hfacac)4

-] into the amplification of 200,000 copies/µL of KRAS template. N/A 

indicates that qPCR amplification was not successful. 
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due to competitive effects with essential Mg2+ cofactors. To determine whether EDTA could 

recover qPCR amplification reactions containing 0.3 µL of the [P6,6,6,14
+][Mn(hfacac)3

-]  

MIL, different concentrations of EDTA (from 1 to 15 mM) were added to the master mix and 

tested. Of the range of concentrations investigated, 4 mM EDTA was the most effective at 

eliminating inhibition. Amplification using the [P6,6,6,14
+][Mn(hfacac)3

-] MIL also required 

additional SYBR Green I dye to restore the fluorescence signal. However, the addition of EDTA 

to reaction mixtures containing the [P6,6,6,14
+][Dy(hfacac)4

-] MIL did not result in DNA 

amplification. In a study by Kreader, BSA was shown to relieve qPCR inhibition caused by 

iron(III) ions.21 Unfortunately, reactions containing a final BSA concentration of 0.5 to 1 µg/mL 

did not amplify DNA in the presence of  the [P6,6,6,14
+][Dy(hfacac)4

-] MIL, regardless of whether 

EDTA was present or not. Reactions containing [P6,6,6,14
+][Dy(hfacac)4

-] may require additional 

Mg2+ ions for the DNA polymerase to function, but amplification was not successful with an 

additional 3.5 to 13 mM Mg2+ without BSA or EDTA. However, amplification with 0.3 µL of 

[P6,6,6,14
+][Dy(hfacac)4

-] MIL in the qPCR mixture was successful when BSA, EDTA, and 

additional MgCl2 were all present in the reaction buffer (see Table 1), similar to previous 

findings18. The final composition of the master mix for the [P6,6,6,14
+][Dy(hfacac)4

-] MIL included 

5 mM EDTA to chelate any liberated Dy3+, 0.5 µg/mL BSA, and an additional 6.5 mM Mg2+.  

With additional SYBR Green I, the amplification with 0.3 µL of [P6,6,6,14
+][Dy(hfacac)4

-] was 

able to occur uninhibited.  

The melting temperature of KRAS template after MIL-based extraction and qPCR 

amplification was examined to investigate whether the DNA sequence was altered due to the 

MIL. Figure 2-S5 shows that the melting temperature of the template DNA was not significantly  
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different compared to a KRAS standard (± 0.5 °C). This suggests that the sequence was not 

altered in agreement with previous MIL-based DNA extraction and amplification studies12,18. 

2.3.2 Optimization of MIL-based Extraction Method 

Clinical and forensic samples types often contain DNA at very low concentration and 

require preconcentration prior to downstream analysis. In this study, a sample solution below 

clinically relevant concentrations was examined (2×104 copies/µL of single-stranded KRAS)22. 

Figure 2-3 shows that among the four studied MILs with different metal centers (e.g. nickel(II), 

cobalt(II), manganese(II), or dysprosium(III)), the [P6,6,6,14
+][Ni(hfacac)3

-] MIL extracted ssDNA  

Figure 2-3 Extraction solvent optimization for MIL-SDME (a) and MIL-SA-DLLME (b) using 

[P6,6,6,14
+][Ni(hfacac)3

-], [P6,6,6,14
+][Co(hfacac)3

-] , [P6,6,6,14
+][Mn(hfacac)3

-], and 

[P6,6,6,14
+][Dy(hfacac)4

-] MILs. MIL-SDME conditions: KRAS template concentration: 2×104 
copies/µL; total solution volume: 2.0 mL; extraction time: 10 min; MIL volume: 2 µL; rotation 

rate: 200 rpm. MIL-SA-DLLME conditions: KRAS template concentration: 2×104 copies/µL; 

total solution volume: 2.0 mL; extraction time: 60 s; MIL volume: 10 µL; Pluronic F-108 

concentration: 3 µM. *Enrichment factor of ssDNA extracted by [P6,6,6,14
+][Mn(hfacac)3

-] was 

not determined as the Cq values obtained were outside the standard curve. 

 

1 

 2 

a) 

b) 
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most efficiently using MIL-SDME and MIL-SA-DLLME. Therefore, the [P6,6,6,14
+][Ni(hfacac)3

-] 

MIL was used for subsequent extractions. 

The volume of the [P6,6,6,14
+][Ni(hfacac)3

-] MIL used to extract template DNA was 

optimized for both SDME and SA-DLLME methods. Using MIL-SDME, 1.5 to 6 µL of the 

[P6,6,6,14
+][Ni(hfacac)3

-] MIL was suspended from a rod magnet (B = 0.2 T) and directly 

immersed in an aqueous solution of DNA. Using an extraction time of 10 min, relatively smaller 

MIL volumes produced larger enrichment factors with 2 µL providing the highest Ef values, as 

shown in Figure 2-S6. In MIL-SA-DLLME, 5 to 10 µL of the [P6,6,6,14
+][Ni(hfacac)3

-] MIL were 

dispersed in the DNA solution. Again, smaller volumes of MIL generally were optimum with 6 

µL producing the largest enrichment factor, as shown in Figure 2-S7.  Using MIL volumes of 1.5 

µL for SDME or 5 µL for DLLME, the lower surface area of the MIL extraction phase appears 

to contribute to the diminished enrichment factor. However, extractions utilizing larger volumes 

of extraction solvent also resulted in lower enrichment factors. This is likely due to the final 

concentration of template in the MIL phase being lower due to the large volume of MIL.  

Equilibrium can often be achieved more rapidly by agitating the sample during the 

extraction. However, in the case of MIL-SDME methods the extraction solvent is suspended 

from a magnet and is susceptible to falling into the sample during agitation. Therefore, droplet 

stability normally dictates the amount of agitation that can be applied in SDME. The rotation rate 

of the shaker used for MIL-SDME was optimized from 100-200 rpm, as shown in Figure 2-S8. 

The enrichment factor was found to increase when higher rotation rates were used. However, the 

maximum rotation rate was found to be at 200 rpm as higher rotation rates dislodged the 

magnetic rod from the glass vial.  
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The addition of a non-ionic surfactant was necessary for the MIL-SA-DLLME method to 

prevent the MIL from interacting with the glass vial instead of the magnet. By adding Pluronic 

F-108 surfactant to the sample solution, simple and rapid recovery of the MIL after dispersion 

was achieved. However, the concentration of surfactant can greatly alter the extraction with 

increasing surfactant concentrations improving the enrichment factor up to the critical micelle 

concentration.23  The concentration of Pluronic F-108 was optimized from 2 to 5 µM using the 

MIL-SA-DLLME procedure, with a concentration of 3 µM producing the highest enrichment 

factor as shown in Figure 2-S9. When higher concentrations of surfactant were examined, the 

extraction phase tended to disperse into smaller droplets. However, the addition of Pluronic F-

108 was also found to increase the miscibility of the hydrophobic MIL within the sample 

solution. Since dissolution of MIL would presumably increase the metal ion concentration, the 

concentration of Ni2+ in the sample solution was determined using AA. After performing 

extractions with 3 and 5 µM Pluronic F-108, AA experiments showed an increase in the 

concentration of Ni2+ from 65.23 ± 1.97 µM to 105.27 ± 7.58 µM indicating that an increased 

solubility of the MIL correlated to an increase in surfactant concentration. In addition, it is 

possible that DNA can interact with dissolved [P6,6,6,14
+][Ni(hfacac)3

-] MIL resulting in lower 

enrichment factors. 

Extraction time is an important parameter to optimize for both SDME and DLLME 

methods. An optimum extraction time for SDME and DLLME is the shortest time required for 

the analytes to reach equilibrium between the extraction phase and aqueous solution. In MIL-

SDME, time points from 5 to 30 min were examined with equilibrium being achieved after 20 

min, as indicated in Figure 2-S10. Time points from 30 to 300 s were studied for MIL-SA-

DLLME. As shown in Figure 2-4, a 2 min vortex time produced the largest enrichment factor. 
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Since MIL may dissolve into the aqueous solution at longer time points allowing DNA to 

interact with dissolved [P6,6,6,14
+][Ni(hfacac)3

-] MIL instead of the immiscible MIL phase, AA 

was used to determine the concentration of Ni2+ found after DNA extractions were performed 

from 30 to 300 s using MIL-SA-DLLME. Figure 2-4 shows that the concentration of Ni2+ ions in 

the aqueous solution increased at longer time intervals. The higher concentration of Ni2+ in the 

aqueous layer indicates that more of the [P6,6,6,14
+][Ni(hfacac)3

-] MIL dissolved over time 

suggesting that DNA may prefer to interact with miscible MIL components resulting in lower 

enrichment factors.  

 

Figure 2-4 Extraction time optimization for MIL-SA-DLLME method using the 

[P6,6,6,14
+][Ni(hfacac)3

-] MIL (gray bar) as an extraction solvent. The concentration of Ni2+ 

detected in the aqueous solution post extraction is also plotted as a function of time (◊). KRAS 

template concentration: 2×104 copies/µL; total solution volume: 2.0 mL; MIL volume: 6 µL; 

Pluronic F-108 surfactant concentration: 3 µM. 

In DNA extraction procedures, the pH of biological samples is often modified during 

pretreatment in order to lyse cells, prevent coextraction of impurities, and/or prevent damage to 

target DNA.24 The pKa of the DNA phosphate backbone is below the pH range tested in this 

study indicating that DNA molecules should maintain an overall negative charge.25 To obtain the 

desired pH, the sample solution contained 10 mM Tris-HCl and the pH was adjusted from 4 to 

10 using HCl or NaOH. The extraction of ssDNA using the [P6,6,6,14
+][Ni(hfacac)3

-] MIL 
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exhibited a pH dependence for both MIL-SDME and MIL-SA-DLLME methods, as shown in 

Figure 2-S11 and S2-12, respectively. Extreme pH values (i.e., 4 and 10) were observed to 

produce lower enrichment factors. For both techniques, pH 8 provided the highest enrichment 

factors for ssDNA and was used for the remaining MIL-SA-DLLME experiments.  

DNA in natural systems exists primarily in double-stranded form26 making it necessary to 

examine the enrichment factor of dsDNA as well as ssDNA. As shown in Figure 2-5, lower 

enrichment factors were noted for dsDNA compared to ssDNA for both MIL-SDME and MIL-

SA-DLLME indicating that there may be dependence on molecular weight. When comparing the 

two optimized MIL-based DNA extraction methods, the MIL-SDME method produced higher 

enrichment factors compared to the MIL-SA-DLLME method (see Figure 2-5). Therefore, this 

method was used for the remainder of the study. 

 

Figure 2-5 Comparison of ssDNA and dsDNA enrichment factors using magnetic-bead based 

extraction (blue), MIL-SDME (red), and MIL-SA-DLLME (green). MIL-SA-DLLME 

conditions: KRAS template concentration: 2×104 copies/µL; Tris-HCl concentration: 10 mM; pH 

8; total solution volume: 2.0 mL; time: 120 s; MIL volume: 6 µL. MIL-SDME conditions: KRAS 

template concentration: 2×104 copies/µL; total solution volume: 2.0 mL; time: 20 min; MIL 

volume: 2 µL; rotation rate: 200 rpm. Magnetic bead extraction conditions: KRAS template 

concentration: 2×104  copies/µL; solution volume: 2.0 mL; concentration of Guanidine HCl: 3 

M; extraction time: 1 min; mass of magnetic beads: 720 µg. 
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2.3.3 Comparison to Magnetic Bead-Based DNA Extractions 

Cell-free DNA (cfDNA) is comprised of short DNA fragments and can be found in 

plasma making it intensely studied in clinical chemistry for diagnostic applications.2,22,27-29 The 

concentration of specific cfDNA sequences such as KRAS has been shown to correlate to 

different stages of cancer suggesting that less invasive liquid biopsies could be used for cancer 

diagnosis, prognosis, and treatment monitoring.2 Magnetic bead-based DNA extractions have 

been applied for the extraction of cfDNA from plasma samples, thereby removing time 

consuming centrifugation steps required in traditional SPE methods.30 DNA-enriched magnetic 

beads can also be directly added into the qPCR buffer to avoid a time consuming DNA recovery 

step. Therefore, the MIL-SDME method was compared to a commercially available magnetic 

bead-based method recommended for nucleic acid extraction and purification. dsDNA and 

ssDNA were extracted with silica-based magnetic beads according to the manufacturer’s 

instructions. By adding the beads directly to a PCR mixture, DNA can be desorbed from the 

magnetic beads by rehydrating the extracted DNA. The main disadvantage of magnetic beads is 

the high concentration of chaotropic salts used during the extraction procedure that can inhibit 

qPCR amplification, if not sufficiently removed. Therefore, the MIL-SDME method was 

compared as an alternative DNA extraction method to a commercially-available magnetic bead-

based method. As shown in Figure 2-5, the enrichment factor of dsDNA using the magnetic bead 

and MIL-SDME methods were similar, but both MIL-based methods were capable producing 

higher enrichment factors for ssDNA compared to the magnetic bead-based method tested. 

In qPCR, amplification efficiency relates to the ability of the DNA polymerase to double 

the amount of DNA in the reaction mixture with each cycle. Amplification efficiencies lower 

than 90% or higher than 110% indicate the presence of inhibitors or adsorption of qPCR 
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components and result in difficulties with quantification.19 Therefore, it is important to 

investigate the influence of adding MILs and magnetic beads to the qPCR buffer on 

amplification efficiency. As shown in Figure 2-6, the amplification efficiency associated with 

incorporating magnetic beads into the PCR mixture was found to be just 81.9%. In comparison, 

direct qPCR using the [P6,6,6,14
+][Ni(hfacac)3

-] MIL did not significantly alter the amplification 

efficiency and was determined to be 91.1%. The lower efficiency associated with the magnetic 

beads makes DNA quantification difficult and represents a significant advantage of incorporating 

DNA-enriched MILs into the qPCR master mix. 

 
Figure 2-6 Standard curve generated using the optimized MIL-SDME (□) method with 

[P6,6,6,14
+][Ni(hfacac)3

-] and magnetic bead-based extraction method (◊). MIL-SDME conditions: 

total solution volume: 2.0 mL; extraction time: 20 min; MIL volume: 2 µL; rotation rate: 200 

rpm. Magnetic bead extraction conditions: solution volume: 2.0 mL; concentration of guanidine 

HCl: 3 M; extraction time: 1 min; mass of magnetic beads: 720 µg.  

 

Determining the loading capacity of the [P6,6,6,14
+][Ni(hfacac)3

-] MIL and the magnetic 

beads is important as some biological samples may contain large amounts of non-target DNA 

that could saturate the MIL. Therefore, the loading capacity of the [P6,6,6,14
+][Ni(hfacac)3

-] MIL 

was determined by extracting target DNA in a sample solution containing increasing amounts of 

non-target DNA. Short non-target DNA was prepared by shearing DNA from salmon testes to 

fragments less than 250 base pairs through sonication as confirmed by gel electrophoresis (see 

Figure 2-S13). Sheared salmon DNA was spiked into a sample solution (0 to 2 µg/mL) 
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containing 2×104 copies/µL of double-stranded KRAS and subjected to MIL-SDME and direct 

PCR amplification. As shown in Figure 2-S14, 2 µL of [P6,6,6,14
+][Ni(hfacac)3

-] MIL successfully 

extracted double-stranded KRAS in the presence of up to 0.2 µg/mL of sheared salmon DNA 

without impacting the Cq value for the target template. To extract target DNA from larger 

concentrations of total nucleic acid, larger volumes of MIL can be utilized for MIL-SDME (see 

Figure 2-S15). In comparison, when the same experiment was performed using 720 µg of 

magnetic beads (enough beads to extract 100-fold excess of the amount of target DNA in the 

solution), the magnetic beads could not maintain the same amount of extracted KRAS when in 

the presence of 0.2 ng/mL of sheared salmon DNA, as shown in Figure 2-S16.  

 In clinical applications, cfDNA fragments can be extracted from plasma samples, but the 

proteins, hormones and electrolytes comprising the plasma can reduce the efficiency of the 

reaction or potentially inhibit qPCR.4 In order to test the clinical applicability of the MIL-SDME 

method, target DNA was extracted from human plasma. Human plasma was diluted ten-fold and 

spiked with 2×104 copies/µL of double-stranded KRAS template to determine the effect of the 

sample matrix on MIL-SDME and magnetic bead-based extraction. Both the MILs and the 

magnetic beads exhibited an approximate twenty-fold decrease in enrichment factors compared 

to extractions from pure water at the same DNA concentration. As shown in Figure 2-S17, 

magnetic beads were observed to produce slightly higher enrichment factors (1.2-fold) compared 

to the MIL.  

2.4 Conclusions 

There is a constant desire to further improve DNA extraction methods by increasing 

sample throughput and compatibility with techniques used for downstream analysis. In this 

study, four hydrophobic MILs were investigated as DNA extraction solvents. By utilizing a 
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magnetic field, MIL droplets can be rapidly collected on a magnet thereby forgoing several 

lengthy centrifugation steps. Custom-designed qPCR buffers were designed to enable the direct 

incorporation of DNA-enriched MIL the reaction system and facilitate successful DNA 

amplification and real-time amplicon detection. High enrichment factors were observed using 

both the MIL-SDME and MIL-SA-DLLME methods for both ssDNA and dsDNA using the 

[P6,6,6,14
+][Ni(hfacac)3

-] MIL as the extraction solvent with the qPCR buffer requiring only excess 

SYBR Green I. When comparing the MIL-based extraction to a commercial magnetic bead-

based platform, the [P6,6,6,14
+][Ni(hfacac)3

-] MIL was capable of extracting greater quantities of 

ssDNA compared to the magnetic beads. The addition of magnetic beads to the qPCR buffer was 

also shown to significantly decrease the efficiency of the reaction whereas the 

[P6,6,6,14
+][Ni(hfacac)3

-] MIL did not lower the amplification efficiency below 90%. When 

examining the extraction of KRAS gene fragment from a plasma sample, the 

[P6,6,6,14
+][Ni(hfacac)3

-] MIL was capable of extracting a sufficient amount of target template for 

qPCR detection, indicating that MILs are promising solvents for the extraction of cfDNA 

fragments from a plasma matrix. 
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Abstract 

 Multiplex amplification of DNA can be highly valuable in circulating tumor DNA 

(ctDNA) analysis due to the sheer number of potential mutations. However, commercial ctDNA 

extraction methods struggle to preconcentrate low concentrations of DNA and require multiple 

sample handling steps. Recently, magnetic ionic liquids (MILs) have been used to extract DNA 

and integrated into a quantitative polymerase chain reaction (qPCR). However, in previous 

studies, DNA could not be preconcentrated from plasma in previous studies and only one 

fragment could be amplified per reaction. In this study, MILs were utilized as DNA extraction 

solvents and directly integrated into a multiplex-qPCR buffer to simultaneously amplify wild-

type KRAS, G12S KRAS, and wild-type BRAF, three clinically-relevant genes whose mutation 

status can affect the success of anti-EGFR therapy. DNA was desorbed from the MIL solvent 

during a multiplex-PCR without having a significant effect on the amplification efficiency, and 

allelic discrimination of single nucleotide polymorphisms could still be achieved. Enrichment 

factors over 35 for all three sequences were achieved from Tris buffer using the 

[N8,8,8,Bz
+][Ni(hfacac)3

-]) and [P6,6,6,14
+][Ni(Phtfacac)3

-] MILs. DNA could still be 

preconcentrated from 2-fold diluted human plasma using the [N8,8,8,Bz
+][Ni(hfacac)3

-] MIL. 
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Extractions from undiluted plasma were reproducible with the [P6,6,6,14
+][Ni(Phtfacac)3

-] MIL 

although DNA was not preconcentrated with enrichment factors around 0.6 for all three 

fragments. Compared to commercial DNA extraction methods (i.e., silica-based spin columns 

and magnetic beads), the MIL-based extraction could achieve higher enrichment factors in Tris 

buffer and plasma. The ability of the MIL-based dispersive liquid-liquid microextraction 

(DLLME) direct-multiplex-qPCR method to simultaneously achieve high enrichment factors of 

multiple DNA fragments from human plasma is highly promising in the field of ctDNA 

detection. 

3.1 Introduction 

Tumor assessment using circulating tumor DNA (ctDNA) can provide a non-invasive option 

for cancer diagnosis, assessment of residual disease, and treatment response.1,2 ctDNA originates 

from primary or metastatic tumor cells that have undergone apoptosis or necrosis.3,4 The 

mutational status of certain genes can have significant impact on the success rate of cancer 

treatment.2,5 For example, it has been found that mutated KRAS and BRAF genes correlate to a 

low success rate of anti-EGFR therapy with Cetuximab and Panitumumab.6,7 The ability to detect 

and discern ctDNA mutations from wild-type DNA has ultimately led the way for molecular 

guided therapies. However, detection of ctDNA is challenging especially during the early stages 

of cancer due to a low abundance of ctDNA.2,8 In addition, multiple mutations can be associated 

with a single gene, and mutations associated with KRAS, BRAF, and PIK3CA are often single 

nucleotide polymorphisms (SNPs), which can cause false positive results due to 

mishybridization.1,3,4,9 Therefore, ctDNA detection methods need to be capable of rapidly 

decerning low concentrations of SNPs from wild-type DNA. 
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There are significant advantages of detecting multiple ctDNA sequences simultaneously, 

such as achieving higher sample throughput and reduced analysis costs.10 Multiplex quantitative 

polymerase chain reaction (qPCR) methods have been developed to detect DNA fragments 

simultaneously using fluorescently-tagged probes. Taqman probes consist of a short 

oligonucleotide complementary to the target sequence with a fluorophore and quencher. When 

the probe anneals to the target sequence, the DNA polymerase separates the probe from the 

quencher producing a detectable signal that allows the amplification of DNA to be monitored in 

real-time.11,12 However, the development of a multiplex-qPCR method is challenging. Often 

times, great care is needed to ensure that amplification bias does not occur, competition for PCR 

reagents does not prevent amplification of low abundance targets, and that a proper annealing 

temperature is used so the Taqman probe anneals to the proper target.13,14 

 DNA extraction is generally the quintessential first step in DNA analysis and is often an 

overlooked bottle neck.15,16 Without a competent DNA extraction, bioassays such as PCR and 

DNA sequencing would not be possible due to the high concentration of inhibitors present in 

biological and environmental matrices. Traditionally, phenol-chloroform-based methods are used 

to extract DNA. However, this method requires toxic chemicals and requires multiple sample 

handling steps that limit the practicality of the technique.17 Commercial DNA extraction kits 

typically involve either silica-based spin columns or magnetic beads. These kits are simple to 

use, but often poorly extract low concentrations of small ctDNA fragments.4,18 In addition, both 

spin columns and magnetic beads require several sample handling steps and reagents to isolate 

DNA. In general, the more steps introduced in the extraction procedure can also increase the 

probability of contamination from PCR inhibitors or DNA. Several non-commercial DNA 

extraction methods have been designed to overcome the limitations of commercial DNA 
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extractions. Recently, centrifugation assisted-immiscible fluid filtration (CIFF) was developed 

by Juang et al. to extract DNA using glass microparticles.16 Transfer of the glass microparticles 

from the aqueous sample to a fluorinated oil eliminated the need for numerous wash steps that 

are commonplace in commercial methods. However, CIFF still requires a manual DNA recovery 

step as well as multiple reagents such as chaotropic salts and fluorinated oil that can inhibit PCR 

if not otherwise removed. Chitosan microparticles can efficiently extract DNA using electrostatic 

interactions.19 Chitosan-based extractions do not require chaotropic salts or organic solvents like 

silica-based methods, and DNA can be desorbed from chitosan microparticles during PCR.20 

Using the PCR system to desorb DNA removes a sample handling step from the procedure. 

However, chitosan microparticles were shown to significantly decrease PCR efficiency likely 

due to the adsorption of PCR components to the particles. 

Ionic liquids (ILs) have been widely used to extract DNA through hydrophobic and 

electrostatic interactions.21-23 ILs are molten salts with melting temperatures under 100 °C that 

possess unique physical properties such as negligible vapor pressures, high thermal stability, and 

tunable physiochemical properties.24-26 Magnetic ionic liquids (MILs) possess similar properties 

to ILs.24,27-29 However, MILs contain a paramagnetic component in either the anion or cation 

structure, which allows MIL droplets to be collected on a magnet.15,30 Hydrophobic MILs have 

been applied in dispersive liquid-liquid microextractions (DLLME) to rapidly extract DNA from 

complex matrices by dispersing fine droplets of the MIL.15,31-33 Originally, DNA was recovered 

from the MIL phase using a short silica column followed by an alcohol precipitation step.15 

However, this procedure is highly extensive and time consuming. Therefore, work was done to 

shorten the desorption process by integrating the DNA-enriched MIL into a PCR buffer.34-36 

Thermal desorption of DNA during PCR allows for high enrichment factors while not having a 
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deleterious impact on the efficiency of the reaction.35,37 The MIL-DLLME method coupled to 

direct-qPCR detection is efficient for extracting and quantifying short DNA sequences, such as 

ctDNA fragments. However, current approaches involving direct-qPCR with MIL solvents have 

only been applied to singleplex reactions. Although singleplex reactions are important, the 

development of a MIL-multiplex-PCR system to simultaneously detect multiple fragments would 

greatly improve sample throughput and allow for the detection and discrimination of SNPs. 

 In this study, three hydrophobic Ni(II)-based MILs were used as DNA extraction 

solvents. The DNA-enriched MILs were integrated into a custom designed multiplex-qPCR 

assay to successfully amplify three DNA sequences simultaneously. The efficiency of the 

reaction was not affected by the hydrophobic MIL, and allelic discrimination between the three 

sequences could be achieved even among the SNPs when the MIL was integrated into the 

multiplex-qPCR buffer. The volume of MIL dispersed and total extraction time was optimized 

for each MIL. Enrichment factors over 35 were achieved for all three DNA fragments with the 

[N8,8,8,Bz
+][Ni(hfacac)3

-] and [P6,6,6,14
+][Ni(Phtfacac)3

-] MILs. Compared to commercial DNA 

extraction methods (employing spin columns and magnetic bead), the MILs exhibited superior 

preconcentration of DNA in part due to the low desorption volume required for analysis. In 

addition, the [P6,6,6,14
+][Ni(Phtfacac)3

-] MIL was capable of producing higher enrichment factors 

from undiluted plasma compared to commercial kits suggesting that the MIL-based extraction 

method could be beneficial in extracting ctDNA from clinical samples. 

3.2 Materials and Methods 

3.2.1 Reagents and Materials 

Ammonium hydroxide (28-30% solution in water), 1,1,1,5,5,5-hexafluoroacetylacetone 

(99%), 1-phenyl-4,4,4-trifluoro-1,3-butanedione (99%), nickel(II) chloride (98%),  and 
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trioctylamine (97%) were purchased from Acros Organics (Morris Plains, NJ, USA).  Anhydrous 

diethyl ether (99.0%) was purchased from Avantor Performance Materials Inc. (Center Valley, 

PA, USA). Trihexyl(tetradecyl)phosphonium chloride (97.7%) was purchased from Strem 

Chemicals (Newburyport, MA, USA). Agarose was purchased from Lab Express (Ann Arbor, 

MI, USA). Cyanine5 (Cy5) carboxylic acid was purchased from Lumiprobe (Hunt Valley, MD, 

USA). Ethylenediaminetetraacetic acid (EDTA) (99.4-100.06%), benzyl bromide (98%), 

chloroform (>99.8%), lyophilized plasma from human (4% trisodium citrate), lithium 

bis[(trifluoromethyl)sulfonyl]imide ([Li+][NTf2
-]), guanidine hydrochloride (>98.0), and 

magnesium chloride hexahydrate (99.0-102.0%) were purchased from Sigma-Aldrich (St. Louis, 

MO, USA). Proteinase K was purchased from New England Biolabs (Ipswich, MA, USA). 

Apheresis derived pooled human plasma (Na2EDTA anticoagulant) was obtained from 

Innovative Research (Novi, MI, USA). SYBR Green I (10,000x) was purchased from Life 

Technologies (Carlsbad, CA, USA). Primers, probes, and oligonucleotides (sequences shown in 

Table S1) were acquired from Integrated DNA Technologies (Coralville, IA, USA). Modified 

plasmids (3.9 Kbp) were obtained from Eurofin Genomics (Louisville, KY, USA) and contained 

an insert consisting of 166 bp wild type KRAS, 166 bp G12S KRAS mutation, or 210 bp wild type 

BRAF. Optically clear PCR caps, tube strips, Taqman universal PCR master mix, isopropanol 

(99.9%), and Dynabeads myone silane magnetic beads were acquired from Thermo Fisher 

Scientific (Waltham, MA, USA). Tris-HCl was obtained from RPI (Mount Prospect, IL, USA). 

Neodymium rod (0.66 T) and cylinder magnets (0.9 T) were purchased from K&J Magnetics 

(Pipersville, PA, USA). Microwell plates (364) were purchased from Corning (Corning, NY, 

USA). Deionized water (18.2 MΩ cm), obtained from a Milli-Q water purification system, was 

used to prepare all aqueous solutions (Millipore, Bedford, MA, USA). 
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3.2.2 MIL Synthesis 

Chemical structures of the three MILs are shown in Figure 3-S1. The [NH4
+][Ni(hfacac)3

-] 

salt, [P6,6,6,14
+][Ni(hfacac)3

-] MIL, and [P6,6,6,14
+][Ni(Phtfacac)3

-] MIL were synthesized and 

characterized using previously reported procedures.38,39 The [N8,8,8,Bz
+][Br-] salt was synthesized 

as previously reported and characterized using 1H NMR (Varion MR-400, Palo Alto, CA, USA) 

as shown in Figure 3-S2.40 The [N8,8,8,Bz
+][Ni(hfacac)3

-] MIL was synthesized by stirring 

equimolar amounts of [N8,8,8,Bz
+][Br-] and [NH4

+][Ni(hfacac)3
-] in 50 mL of methanol overnight. 

The product was subsequently dried in a vacuum oven and purified using diethyl ether and water. 

The [P6,6,6,14
+][NTf2

-] IL was synthesized by mixing equimolar amounts of the [P6,6,6,14
+][Cl-] IL 

and [Li+][NTf2
-] overnight in 30 mL of methanol. The [N8,8,8,Bz

+][NTf2
-] IL was synthesized by 

mixing equimolar amounts of the [N8,8,8,Bz
+][Br-] IL and [Li+][NTf2

-] overnight in 30 mL of 

methanol. The [P6,6,6,14
+][NTf2

-] and [N8,8,8,Bz
+][NTf2

-] ILs was subsequently purified with diethyl 

ether and characterized by 1H NMR as shown in Figure 3-S3 and 3-S4, respectively. Elemental 

analysis results were acquired using a Thermo FlashSmart 2000 CHNS/O Combustion Elemental 

Analyzer (Thermo Scientific, Waltham, MA, USA). Carbon/hydrogen/nitrogen (CHN) 

calculated for [P6,6,6,14
+][Ni(Phtfacac)3

-]: %C = 62.68, %H = 7.30, %N = 0.00; Found: %C = 

62.27, %H = 7.34, %N = 0.11.  Calculated for [N8,8,8,Bz
+][Ni(hfacac)3

-]: %C = 49.12, %H = 5.47, 

and %N = 1.25; Found: %C = 49.54, %H = 5.39, %N = 1.37. 

3.2.3 qPCR Assays and Conditions 

A 3.9 Kbp plasmid from Eurofin Genomics containing either a 166 bp wild-type KRAS, 

166 bp G12S KRAS, or 210 wild-type BRAF insert was individually amplified by PCR. The PCR 

products were subsequently separated on a 1% agarose gel. Amplified DNA was recovered from 

the gel using the QIAquick Gel Extraction kit (Qiagen, Hilden, Germany) according to the 
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manufacturer’s instructions. The purified DNA was quantified using a NanoDrop 2000c 

spectrophotometer (Thermo Scientific, Waltham, MA, USA).  

A Bio-Rad CFX96 Touch Real-time PCR (Hercules, CA, USA) was utilized for qPCR 

amplification of the KRAS and BRAF targets using the following program: 10 min initial 

denaturation at 95 °C followed by 40 cycles comprised of a 15 s denaturation step at 95 °C and a 

1 min annealing step. After each cycle, an optical detection step was used to track the reaction in 

real-time. The qPCR products were heated from 65°C to 95°C in 0.5°C increments. Melt curve 

analysis of 30 ppm of a 15-mer oligonucleotide to either a complementary sequence and a 

sequence containing a 1 nucleotide (nt) mismatch was achieved using the following program: 

initial 5 min denaturation step at 90°C, 10 min annealing step at 20°C, and a ramp from 20°C to 

95°C in 0.5°C increments.  

The amount of KRAS primers, BRAF primers, wild-type KRAS probe, G12S KRAS probe, 

BRAF probe, EDTA, and MgCl2 was optimized to ensure efficient amplification. Annealing 

temperatures were optimized (54-65 °C) to ensure allelic discrimination between all three DNA 

sequences, as determined using the Bio-Rad CFX Maestro software. Amplification of target 

DNA standards was achieved using the following assay conditions: 1x Taqman universal PCR 

mastermix, 1.25 mM MgCl2, 1 µM forward KRAS primers, 1 µM reverse KRAS primers, 1 µM 

forward BRAF primers, 1 µM reverse BRAF primers, 150 nM wild-type KRAS probe, 150 nM 

G12S KRAS probe, and 150 nM BRAF probe. The addition of 0.3 µL [P6,6,6,14
+][Ni(hfacac)3

-] 

MIL to a 20 µL multiplex-qPCR mixture required 1x Taqman universal PCR mastermix, 1.25 

mM MgCl2, 1 µM forward KRAS primers, 1 µM reverse KRAS primers, 1 µM forward BRAF 

primers, 1 µM reverse BRAF primers, 150 nM wild-type KRAS probe, 150 nM G12S KRAS 

probe, and 150 nM BRAF probe. The addition of 0.3 µL [P6,6,6,14
+][Ni(Phtfacac)3

-] MIL to a 20 
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µL multiplex-qPCR mixture required 1x Taqman universal PCR mastermix, 1.25 mM MgCl2, 1 

µM forward KRAS primers, 1 µM reverse KRAS primers, 1 µM forward BRAF primers, 1 µM 

reverse BRAF primers, 75 nM wild-type KRAS probe, 250 nM G12S KRAS probe, and 150 nM 

BRAF probe. qPCR amplification with 0.3 µL of the [N8,8,8,Bz
+][Ni(hfacac)3

-] MIL was achieved 

using the 1x Taqman universal PCR mastermix, 2 mM EDTA, 1.25 mM MgCl2, 1 µM forward 

KRAS primers, 1 µM reverse KRAS primers, 1 µM forward BRAF primers, 1 µM reverse BRAF 

primers, 150 nM wild-type KRAS probe, 150 nM G12S KRAS probe, and 150 nM BRAF probe 

for a final volume of 20 µL. Melt curves of qPCR products were achieved by adding 2x SYBR 

Green I to the reaction tube containing MIL and 1x SYBR Green I for standard reactions. 

The quantitation cycle (Cq) was determined using the fluorescence threshold provided by 

the Bio-Rad CFX Maestro software and used to determine the amount of wild-type KRAS, G12S 

KRAS, and wild-type BRAF extracted by the hydrophobic MIL. Standard curves were 

constructed for wild-type KRAS, G12S KRAS, and wild-type BRAF template with and without 

MIL present in the multiplex-qPCR buffer. The standard curves were used to determine the 

concentration of DNA initially present in the reaction. The enrichment factor obtained for each 

extraction was calculated using equation 1, where CMIL is the concentration of a one of the DNA 

fragments extracted by the MIL and CStd represents the concentration of template in the aqueous 

sample solution prior to extraction. Preconcentration is achieved when the enrichment factor was 

above 1.  

                𝐸𝑛𝑟𝑖𝑐ℎ𝑚𝑒𝑛𝑡 𝐹𝑎𝑐𝑡𝑜𝑟 =
𝐶𝑀𝐼𝐿

𝐶𝑆𝑡𝑑
   Equation 1 

3.2.4 Examining the Capture of Fluorophore during MIL-qPCR  

 In order to investigate the drop in fluorescence signal upon adding the hydrophobic MIL 

to the multiplex-qPCR system, 150 nM Cy5 probe was incubated with 0.3 µL of MIL. The static 
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extraction proceeded for 10 min before determining the amount of fluorophore remaining in the 

aqueous phase using a Biotek Synergy H1 Multi-mode microplate reader (Winooski, VT, USA) 

using an excitation and emission wavelength of 646 nm and 665 nm respectively. A 150 nM 

solution of Cy5 and 0.3 µL of MIL was subjected to qPCR cycling to track the decrease in 

fluorescence signal throughout the reaction. Prior to thermal cycling, all samples were heated at 

50 °C for 2 min and 95 °C for 10 min in order to mimic the multiplex-qPCR procedure. 

3.2.5 Capture of Target DNA 

The general procedure used to extract target DNA fragments using DLLME is shown in 

Fig 3-1. A 1.0 mL solution of 0.5 fg µL-1 wild-type KRAS, 0.5 fg µL-1 G12S KRAS, and 0.5 fg 

µL-1 wild-type BRAF targets was prepared in 2 mM Tris buffer (pH 8). An optimized volume of 

MIL was dispersed using a Barnstead/Thermolyne Type 16700 mixer (Dubuque, IA, USA) for a 

specific length of time. After dispersing the hydrophobic MIL, DNA-enriched MIL droplets were 

collected using a rod magnet (B = 0.66 T). The recovered MIL was washed with deionized 

water, and a 0.3 µL aliquot of DNA-enriched MIL was placed in a qPCR tube for downstream 

analysis. For all extractions using human plasma, 0.5 fg µL-1 wild-type KRAS, 0.5 fg µL-1 G12S 

KRAS, and 0.5 fg µL-1 wild-type BRAF was spiked into the plasma.  

Figure 3-1 General procedure used to extract and detect wild-type KRAS, G12S KRAS, and 

BRAF DNA. DNA-enriched MIL was added to the reaction buffer for multiplex-qPCR detection 

using three different Taqman probes 

 1 

 2 
Collect DNA- enriched 

MIL 

DNA Solution Multiplex-qPCR 
Add MIL Vortex 
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DNA extractions using the QiaAMP DNA mini kit were performed as specified by the 

manufacturer. Briefly, 16 units of proteinase K were added to 1 mL 0.5 fg µL-1 wild-type KRAS, 

0.5 fg µL-1 G12S KRAS, and 0.5 fg µL-1 wild-type BRAF target. A 1 mL volume of lysis buffer 

(AL buffer) was added to the sample and allowed to incubate for 10 min at 56 °C. Next, 1 mL of 

ethanol was added to the sample before placing the solution into a spin column. The column was 

centrifuged for 1 min at 1.3 × 104 rpm. The flow through was discarded and 0.5 mL of wash 

buffer 1 (AW1 buffer) was added to the column. The sample was centrifuged again for 1 min. 

The flow through was discarded and 0.5 mL of wash buffer 2 (AW2 buffer) was placed in the 

column. The column was then centrifuged for 3 min at 1.3 × 104 rpm and the flow through 

discarded. The column was again centrifuged for an additional minute to ensure that the wash 

buffers were thoroughly removed from the column. Lastly, 20 µL or 200 µL of elution buffer 

(AE buffer) were added to the column to elute the DNA.  

Extractions using the Dynabeads myone silane magnetic beads were performed as 

recommended by the manufacturer. Briefly, 16 units of proteinase K were added to 0.5 fg µL-1 

wild-type KRAS, 0.5 fg µL-1 G12S KRAS, and 0.5 fg µL-1 wild-type BRAF target and allowed to 

incubate for 2 min. Afterwards, 350 µL of 6 M guanidine hydrochloride was added to the sample 

and allowed to incubate for 10 min at 55 °C. Isopropanol (400 µL) and 2 mg of magnetic beads 

were then added to the sample. The beads were dispersed for 30 s using a vortex and then 

agitated on an Eppendorf I24R incubator shaker (Eppendorf, Hamburg, Germany) at 100 rpm. 

The sample was subsequently vortexed again for 30 s and the beads collected on a 0.9 T magnet. 

The aqueous phase was removed, and the beads were washed three times using 950 µL 

isopropanol. After the final wash step, the beads were dried using air to ensure that isopropanol  
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did not contaminate the reaction. The beads were suspended in 50 µL 2 mM Tris buffer and 

vortexed for 2 min to desorb captured DNA.  

3.3 Results and Discussion 

3.3.1 Optimization of Multiplex-qPCR Assay 

 A multiplex-qPCR system containing no MIL was first optimized to ensure good 

efficiency and allelic discrimination among the three DNA fragments. The concentration of 

primers (500-1250 nM), probes (75-350 nM), and MgCl2 (0-5 mM) was optimized for the 

standard reaction. The annealing temperature was optimized (54-64°C) in order to discriminate 

between SNPs. An optimum annealing temperature of 63 °C was chosen as it exhibited good 

allelic discrimination for the standard reactions, as shown in Figure 3-S5. A standard curve was 

then generated for each DNA sequence, as shown in Figure 3-S6. 

  In order to successfully integrate a hydrophobic MIL into the multiplex-qPCR system, 

the concentration of EDTA was optimized between a range of 0-6 mM for each MIL-multiplex-

qPCR. EDTA is capable of chelating solubilized metal ions thereby preventing PCR inhibition 

caused by the anion component of the MIL.34,35 The [P6,6,6,14
+][Ni(hfacac)3

-] and 

Figure 3-2 qPCR curves of (green) wild-type KRAS, (blue) G12S KRAS, (violet) wild-type 

BRAF generated by spiking 0.3 µL of the [P6,6,6,14
+][Ni(hfacac)3

-] MIL into the reaction and 

annealing at 59, 61, and 63 °C. 
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[P6,6,6,14
+][Ni(Phtfacac)3

-] MILs did not require additional EDTA in order to achieve 

amplification, and the [N8,8,8,Bz
+][Ni(hfacac)3

-] MIL only required 2 mM EDTA. However, the 

high annealing temperature (63 °C) used for the standard reactions significantly inhibited the 

reaction, as shown in Figure 3-2. Therefore, the annealing temperature was optimized at 59 °C 

for the [P6,6,6,14
+][Ni(hfacac)3

-] and [P6,6,6,14
+][Ni(Phtfacac)3

-] MILs and 62 °C for the 

[N8,8,8,Bz
+][Ni(hfacac)3

-] MIL in order to relieve inhibition but still permit the SNPs to be 

distinguished from each other. Afterwards, the concentration of MgCl2 was optimized between 

0-5 mM to ensure optimum qPCR efficiency during simultaneous amplification of all three DNA 

sequences; 2.5 mM MgCl2 was selected as the optimum concentration of all three MILs 

examined.  

After optimizing the multiplex reaction buffer, allelic discrimination plots and standard 

curves were developed for the three MILs. As shown in Figure 3-3, integration of the 

[P6,6,6,14
+][Ni(hfacac)3

-], [N8,8,8,Bz
+][Ni(hfacac)3

-], [P6,6,6,14
+][Ni(Phtfacac)3

-] MILs into the 

multiplex-qPCR buffer still allowed for distinct clusters when plotting the endpoint fluorescence  

signal associated with each probe. The plots show that discrimination between different DNA 

sequences could be achieved when the MIL was added to the reaction buffer. In addition, the 

amplification efficiencies fell to between 90-110%, as shown in Figure S7, suggesting that DNA 

is successfully being duplicated with each cycle. 

3.3.2 Investigation into Primer Annealing  

 Previous studies have suggested that ILs and MILs can decrease the melting temperature 

(Tm) of DNA fragments.36,41 In this study, the same phenomenon was observed when optimizing 

the annealing temperature and performing melt curves of a 15-mer DNA fragment (see Figure 3-

4). This is interesting as slight increases in ionic strength can significantly increase the melting 
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Figure 3-3 Allelic discrimination associated with spiking DNA into the multiplex-qPCR system 

containing the (a) [P6,6,6,14
+][Ni(hfacac)3

-], (b) [N8,8,8,Bz
+][Ni(hfacac)3

-], and (c) 

[P6,6,6,14
+][Ni(Phtfacac)3

-] MILs. Het., heterozygous; B, wild-type BRAF; WK, wild-type KRAS; 

MK, G12S KRAS. Triplicate reactions were performed for each cluster. 

 

temperature of DNA.42 The melting temperature also decreased when adding an equimolar 

amount of [P6,6,6,14
+][NTf2

-] and [N8,8,8,Bz
+]NTf2

-] ILs to the buffer, as shown in Figure 3-4. This 

finding suggests that the cation is responsible for the decrease in annealing temperature. It is 

likely that the cation is undergoing hydrophobic interactions with DNA fragments allowing for a  
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decrease in annealing temperature similar to the behavior of cationic surfactants when present at 

concentrations below the critical micelle concentration.42  

 

Figure 3-4 Melt curves of a 15-mer DNA oligonucleotide in the presence of (green) 

[P6,6,6,14
+][Ni(hfacac)3

-], (blue) [N8,8,8,Bz
+][Ni(hfacac)3

-], (violet) [P6,6,6,14
+][Ni(Phtfacac)3

-], (grey) 

[N8,8,8,Bz
+][NTf2

-], and (navy) [P6,6,6,14
+][NTf2

-] ILs compared to a (black) standard without IL. 

The melting temperatures of a 1 nt mismatch fragment and 15-mer oligonucleotide were 

also examined. As shown in Table S2, the [P6,6,6,14
+][Ni(hfacac)3

-] MIL did not stabilize the 

mismatch whereas the mismatch was slightly destabilized when the [P6,6,6,14
+][Ni(Phtfacac)3

-] 

MIL was added to the buffer. However, in the case of the [N8,8,8,Bz
+][Ni(hfacac)3

-] MIL, the 

mismatch was stabilized by adding the MIL into the buffer, which explains the observation that a 

higher annealing temperature is required in order to differentiate between the wild-type and 

mutant KRAS fragments. 

The melting temperatures of the 89 bp G12S KRAS DNA were examined in order to 

determine the extent to which the three hydrophobic MILs affect longer DNA sequences. As 

shown in Figure 3-S8, there was no significant difference between the melting temperatures of 

DNA when the MIL is present compared to the standard, suggesting that the MIL interacts 

stronger with shorter DNA fragments. Therefore, melt curves should be able to identify DNA 

fragments when the MIL is present in the qPCR buffer.43 As shown in Figure 3-S9, the melt 
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curves after MIL-DLLME and direct qPCR amplification were within 0.5 °C from the standard. 

This suggests that the MIL does not alter the DNA sequence during either the extraction or PCR 

amplification, as has been reported in previous studies.15,34,35 

3.3.3 Partitioning of the Hydrophobic Probe to the MIL Phase 

 When the hydrophobic MILs were added to the reaction buffer, the fluorescence signal 

drastically decreased compared to the standard. In previous studies, inhibition caused by SYBR 

Green I partitioning to the MIL phase during qPCR was relieved by adding additional SYBR 

Green I to the buffer.35,37 However, increasing the concentration of the Taqman probe generally 

did not enhance the fluorescence signal. To investigate whether inhibition originates from the 

fluorophore partitioning to the MIL phase or MIL quenching the signal, a 150 nM solution of 

Cy5 was incubated with 0.3 µL of each of the three hydrophobic MILs. A six-point standard 

curve of Cy5 (see Figure 3-S10a) was generated to quantify the amount of Cy5 extracted by the 

MIL. As shown in Figure 3-S10b, extraction efficiencies of  50.27 ± 0.28%, 26.11 ± 1.68%, and 

37.18 ± 1.27% for Cy5 were obtained with the [P6,6,6,14
+][Ni(hfacac)3

-], [P6,6,6,14
+][Ni(Phtfacac)3

-], 

and [N8,8,8,Bz
+][Ni(hfacac)3

-] MILs, respectively, after sitting at room temperature for 10 min. The 

effect of PCR cycling on the partitioning of Cy5 to the MIL was also investigated, as shown in 

Figure 3-S11. Extraction efficiencies plateaued with increasing cycles for the 

[P6,6,6,14
+][Ni(hfacac)3

-] and [N8,8,8,Bz
+][Ni(hfacac)3

-] MILs, suggesting quenching of the 

fluorophore by MIL that dissolves into the aqueous phase at elevated temperatures used in 

PCR.36,44  

3.3.4 Optimization of MIL-DLLME Method 

Cell-free DNA (cfDNA) is generally present at the ng mL-1 level in plasma.8,45,46 

However, ctDNA can comprise less than 0.01% of the total amount of cfDNA depending on the 
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type and stage of cancer.2,46 Therefore, a clinically relevant concentration of 0.5 fg µL-1 wild-

type KRAS, 0.5 fg µL-1 G12S KRAS, and 0.5 fg µL-1 wild-type BRAF fragments was used during 

optimization in this study.  

 The volume of MIL dispersed was first optimized to achieve the highest enrichment 

factors. As shown in Figure 3-S12, optimal volumes for the [P6,6,6,14
+][Ni(hfacac)3

-], 

[N8,8,8,Bz
+][Ni(hfacac)3

-], and [P6,6,6,14
+][Ni(Phtfacac)3

-] MILs were found to be 6, 8, and 6 µL, 

respectively. Similar to previously reported studies, lower volumes of MIL were capable of 

achieving higher enrichment factors compared to larger volumes of MIL, suggesting that 

extracted DNA is being diluted within the MIL.32,35,37 Subsequently, the extraction time was 

optimized. The optimum extraction times for the [P6,6,6,14
+][Ni(hfacac)3

-], [N8,8,8,Bz
+][Ni(hfacac)3

-

], and [P6,6,6,14
+][Ni(Phtfacac)3

-] MILs were found to be 2, 2, and 3 min, respectively, as shown in 

Figure 3-S13.  

 In order to ensure that the three sequences can still be distinguished from each other after 

desorbing DNA from the MIL, allelic discrimination plots were generated for all three MILs by 

extracting only one DNA fragment using the optimized procedure. Distinct clusters were still 

observed when plotting the fluorescence signals (see Figure 3-S14) suggesting that the 

desorption of DNA from the MIL does not affect the ability of the reaction to discriminate 

between the different DNA sequences, even if the sequences are SNPs. As shown in Figure 3-

S15, similar enrichment factors were achieved when extracting either one or all three DNA 

fragments. The mutation load of  KRAS was found to be on average 8.4% during stage II/III 

colorectal cancer and 21.8% during stage IV.47 Therefore, the MIL-multiplex-qPCR system was 

evaluated by performing extractions of 0.5 and 5% G12S KRAS.  As shown in Fig. S16, when 

G12S KRAS is present at 0.5 fg µL-1 (10-fold less compared to wild-type KRAS and BRAF) the 



www.manaraa.com

57 

 

reaction was not significantly affected in the case of all three MILs. However, when the 

concentration of G12S KRAS was 100-fold less than wild-type KRAS and BRAF, the efficiency 

was significantly impacted (see Fig. S17) due to the consumption of PCR reagents.14,48,49 In order 

to improve the sensitivity, future studies should investigate using a sequence-specific DNA 

extraction or PCR clamp to limit the amount of wild-type DNA amplified.  

3.3.5 Extractions from a Plasma Matrix 

 Plasma matrices are highly complex and contain a number of PCR inhibitors such as 

albumin, immunoglobulin G, and lactoferrin.50,51 In addition, common anticoagulants such as 

EDTA or heparin can also inhibit PCR. Therefore, it is necessary to evaluate the performance of 

a ctDNA extraction procedure in plasma. The extraction of DNA from 10-fold diluted citrate 

plasma and 10-fold diluted Na2EDTA plasma was evaluated to examine the effect of the 

anticoagulant on MIL-DLLME. As shown in Figure 3-S18, no significant difference was 

observed between the citrate and Na2EDTA plasma when using the [P6,6,6,14
+][Ni(hfacac)3

-] MIL. 

However, this was not the case when comparing the Na2EDTA and citrate plasma with the 

[N8,8,8,Bz
+][Ni(hfacac)3

-] and [P6,6,6,14
+][Ni(Phtfacac)3

-] MILs, as determined using the Student’s t-

test (probability value < 0.05). In particular, there was a sharp decrease in enrichment factor 

when performing extractions from the 10-fold diluted citrate plasma with the 

[N8,8,8,Bz
+][Ni(hfacac)3

-] MIL, as shown in Figure 3-S18b. There was also a slight decrease in 

enrichment factors when performing extractions from a 10-fold diluted citrate matrix with the 

[P6,6,6,14
+][Ni(Phtfacac)3

-] MIL.  

 Although performing extractions from a diluted plasma matrix can be beneficial to reduce 

the matrix effect, a lower concentration of DNA is present. Therefore, different dilutions of 

Na2EDTA plasma were examined with the [N8,8,8,Bz
+][Ni(hfacac)3

-] and [P6,6,6,14
+][Ni(Phtfacac)3

-] 
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MILs as they exhibited the best performance in 10-fold diluted plasma. Preconcentration was 

still achieved in 2 and 4-fold diluted plasma with the [N8,8,8,Bz
+][Ni(hfacac)3

-] MIL and 4-fold 

diluted plasma with the [P6,6,6,14
+][Ni(Phtfacac)3

-] MIL, as shown in Figure 3-5. Enrichment 

factors of 0.64 ± 0.11, 0.69 ± 0.14,  and 0.64 ± 0.09 were achieved for wild-type KRAS, G12S 

KRAS, and wild-type BRAF from undiluted plasma with the [P6,6,6,14
+][Ni(Phtfacac)3

-] MIL, as 

shown in Figure 3-5b. The results were not reproducible when attempting to use the 

[N8,8,8,Bz
+][Ni(hfacac)3

-] MIL as an extraction solvent in undiluted plasma. In order to determine 

whether qPCR inhibitors are co-extracted by the MIL, a standard curve was generated by 

carrying out extractions from 10-fold diluted plasma for the [P6,6,6,14
+][Ni(hfacac)3

-] MIL and 4-

fold diluted plasma for the [N8,8,8,Bz
+][Ni(hfacac)3

-] and [P6,6,6,14
+][Ni(Phtfacac)3

-] MILs. Reaction 

efficiencies between 90-110% were achieved with the [P6,6,6,14
+][Ni(hfacac)3

-] and 

[P6,6,6,14
+][Ni(Phtfacac)3

-] MILs, suggesting that PCR inhibitors are not being co-extracted by this 

MIL (see Figure 3-S19). However, the [N8,8,8,Bz
+][Ni(hfacac)3

-] MIL produced an efficiency of 

119.4%, 113.2%, and 149.4% for wild-type KRAS, G12S KRAS, and wild-type BRAF, 

respectively, when extracting from 4-fold diluted plasma. These high efficiencies suggest that the 

DNA polymerase activity is being inhibited by a plasma component that was co-extracted by the 

MIL.52 

3.3.6 Comparison to Commercial DNA Extraction Procedures 

 Commercial means of extracting ctDNA utilize silica-based magnetic beads and silica-

based spin columns.18,45 However, these methods require several lengthy sample handling steps 

(i.e, centrifugation or collection of magnetic beads) that can increase the probability of 

contamination. There have also been reports suggesting that commercial-based methods suffer at 

extracting low concentrations of DNA.18 Therefore, the enrichment factors achieved using the 
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Figure 3-5 Extractions of (green) wild-type KRAS, (blue) G12S KRAS, and (violet) wild-type 

BRAF from diluted plasma containing Na2EDTA as an anticoagulant with the (a) 

[N8,8,8,Bz
+][Ni(hfacac)3

-] MIL, (b) [P6,6,6,14
+][Ni(Phtfacac)3

-] MIL, (c) QiAMP spin columns, and 

(d) Dynabeads myone silane magnetic beads. Wild-type KRAS, G12S KRAS, and wild-type 

BRAF template concentration: 0.5 fg µL-1, sample volume: 1.0 mL; [P6,6,6,14
+][Ni(hfacac)3

-] 

volume: 6 µL; [N8,8,8,Bz
+][Ni(hfacac)3

-] volume: 8 µL; [P6,6,6,14
+][Ni(Phtfacac)3

-] volume: 6 µL; 

magnetic bead mass: 2 mg. Triplicate extractions were performed under each condition. 

 

optimized MIL-DLLME method were compared to commercial magnetic bead and silica 

columns. As shown in Figure 3-6, the MIL-DLLME method produced higher enrichment factors 

when extracting target DNA fragments from 2 mM Tris buffer. Although the columns extracted 

most of the DNA present in solution, enrichment factors were poor compared to the MIL-

DLLME method likely due to the high desorption volume (200 µL) recommended by the 

manufacturer. However, changing the desorption volume to 20 µL only slightly improved the Ef 

(see Figure 3-6). The similar enrichment factors between the two desorption volumes suggests 
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that at lower elution volumes there is not enough buffer to sufficiently elute the DNA.45 The 

[N8,8,8,Bz
+][Ni(hfacac)3

-] and [P6,6,6,14
+][Ni(Phtfacac)3

-] MILs outperformed commercial methods 

when performing extractions from 4- and 10-fold diluted plasma. The [N8,8,8,Bz
+][Ni(hfacac)3

-] 

MIL produced similar enrichment factors to the QiaAMP spin columns with 2-fold diluted 

plasma. However, extractions using the QiaAMP spin columns and Dynabeads myone silane 

magnetic beads were not affected by higher concentrations of plasma compared to the MILs, as 

shown in Figure 3-5. In addition, extractions from pure plasma were reproducible using the 

QiaAMP spin columns and Dynabeads myone silane magnetic beads. However, enrichment 

factors associated with the [P6,6,6,14
+][Ni(Phtfacac)3

-] MIL were significantly higher than both of  

the silica-based DNA extraction methods as determined using the Student’s t-test (probability 

value < 0.05). 

 

Figure 3-6 Enrichment factors of (green) wild-type KRAS, (blue) G12S KRAS, and (violet) wild-

type BRAF obtained for the optimized MIL-DLLME and commercial methods using the 

[P6,6,6,14
+][Ni(hfacac)3

-] MIL, [N8,8,8,Bz
+][Ni(hfacac)3

-] MIL, [P6,6,6,14
+][Ni(Phtfacac)3

-] MIL, 

QiaAMP spin column (desorption volume 200 µL), QiaAMP spin column (desorption volume 20 

µL), and Dynabeads myone silane magnetic beads.  Wild-type KRAS, G12S KRAS, and wild-

type BRAF template concentration: fg µL-1, sample volume: 1.0 mL; [P6,6,6,14
+][Ni(hfacac)3

-] 

volume: 6 µL; [N8,8,8,Bz
+][Ni(hfacac)3

-] volume: 8 µL; [P6,6,6,14
+][Ni(Phtfacac)3

-] volume: 6 µL; 

magnetic bead mass: 2 mg. Triplicate extractions were performed using each extraction method. 
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3.4 Conclusions 

 Therefore, three MILs were utilized to rapidly preconcentrate clinically-relevant 

concentrations of ctDNA within 2-3 min. Integrating the MIL into a custom designed multiplex-

qPCR assay allows for a simple method to desorb DNA from the hydrophobic MIL. The addition 

the MIL into the multiplex-qPCR buffer did not have a deleterious effect on the amplification 

efficiency when simultaneously amplifying three DNA fragments, and the fragments could easily 

be discerned from each other using allelic discrimination plots. However, in order to achieve 

amplification as well as allelic discrimination, the annealing temperature was lower compared to 

the standard reaction due to hydrophobic interactions between the MIL and probe. Enrichment 

factors as high as 42.68 ± 3.63, 38.16 ± 4.30, and 38.78 ± 5.52 were obtained from Tris buffer 

for the wild-type KRAS, G12S KRAS, and wild-type BRAF, respectively, using the 

[N8,8,8,Bz
+][Ni(hfacac)3

-] MIL, and preconcentration was still obtainable while dispersing the MIL 

in 2, 4, and 10-fold diluted plasma. Compared to commercial kits, the MIL-based extraction was 

better at preconcentrating DNA fragments from a plasma matrix with the 

[P6,6,6,14
+][Ni(Phtfacac)3

-] MIL capable of achieving enrichment factors over 0.6 for all three 

DNA fragments from undiluted plasma whereas enrichment factors above of  0.3 and 0.1 were 

achieved with the QiaAMP spin columns and dynabeads myone silane magnetic beads, 

respectively. The low enrichment factors from the kits are in part due to the high desorption 

volumes required to sufficiently desorb DNA compared to the MILs. The ability of MILs to 

rapidly preconcentrate DNA from plasma is essential in ctDNA analysis especially during the 

early stages of cancer where there are low abundances of mutant DNA. Therefore, the MIL-

DLLME method has potential to be highly beneficial towards ctDNA analysis in clinically-

relevant samples.  
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Abstract 

 Circulating tumor DNA (ctDNA) is a source of mutant DNA found in plasma and holds 

great promise in guiding cancer diagnostics, prognostics, and treatment. However, ctDNA 

fragments are challenging to detect in plasma due to their low abundance compared to wild-type 

DNA. In this study, a series of ion-tagged oligonucleotides (ITO) were synthesized using thiol-

ene click chemistry and designed to selectively anneal target DNA. The ITO-DNA duplex was 

subsequently captured using a hydrophobic magnetic ionic liquid (MIL) as a liquid support. 

Extracted target DNA was quantified by adding the DNA-enriched MIL to the quantitative 

polymerase chain reaction (qPCR) buffer to streamline the extraction procedure. Clinically 

relevant concentrations of the mutation prone KRAS fragment, which has been linked to 

colorectal, lung, and bladder cancer, were preconcentrated using the ITO-MIL strategy allowing 

for enrichment factors as high as 19.49 ± 1.44 from pure water and 4.02 ± 0.50 from 10-fold 

diluted plasma after a 1 min extraction. Preconcentration could only be achieved when adding 

the ITO probe to the sample validating the selectivity of the ITO in the capture process. In 

addition, the amplification efficiency of qPCR was not affected when performing extractions 

from a diluted-plasma matrix demonstrating that the ITO-MIL approach coupled to direct-qPCR 
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can be used to quantitate DNA from complex matrices. In comparison, commercially available 

steptavidin-coated magnetic beads were observed to lose selectivity when performing extractions 

from a 10-fold diluted plasma matrix. The selectivity of the ITO-MIL method, coupled with the 

ability to rapidly preconcentrate clinically relevant concentrations of target DNA from 10-fold 

diluted plasma, suggests that this method has the potential to be applied towards the extraction of 

ctDNA fragments from clinical samples. 

4.1. Introduction 

 Detection of low levels of circulating tumor DNA (ctDNA) holds great promise in 

guiding cancer diagnostics, prognosis, and treatment.1,2 ctDNA is believed to originate from 

tumor cells that have undergone apoptosis or necrosis resulting in the release of tumor DNA into 

the bloodstream.3 However, there is a low abundance of ctDNA in plasma especially in the early 

stages of cancer (i.e., less than 0.01%), and the presence of high levels of wild-type DNA can 

increase the probability of false-positive results due to primer mishybridization or mask present 

ctDNA.4 In addition, ctDNA sequences such as KRAS and EGFR are prone to single nucleotide 

polymorphisms (SNPs) and differentiation of mutant ctDNA fragments from wild-type DNA is 

imperative to guiding cancer treatment.2,5,6 Therefore, to distinguish SNPs from wild-type DNA, 

a sequence-specific DNA extraction method is often required to preconcentrate target ctDNA 

fragments.  

 There are several approaches to achieve sequence-specific ctDNA extraction and 

preconcentration. Synchronous coefficient of drag alteration (SCODA) is a novel microfluidic 

method for ctDNA preconcentration and analysis.7 SCODA uses an oligonucleotide-

functionalized electrophoresis gel to preconcentrate DNA sequences when exposed to a rotating 

electric field. Although SCODA is successful at preconcentrating low concentrations of ctDNA 
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mutations with limits of detection of 0.001% mutation abundance without PCR amplification, the 

technique is expensive and has limited sample throughput.8 Commercially-available streptavidin 

magnetic beads have been widely used in the extraction of ctDNA.3,9 In this approach, target 

DNA anneals to a biotinylated DNA probe followed by the probe-target complex binding to 

streptavidin coated magnetic beads, which are collected using an external magnet. Differential 

strand separation at critical temperature (DISSECT) is another magnetic bead-based extraction 

procedure that utilizes a dual-biotinylated probe conjugated to streptavidin-coated magnetic 

beads to extract both wild-type and mutant ctDNA fragments.10 With DISSECT, the desorption 

temperature is controlled so that only the mutant DNA desorbs from the magnetic beads while 

wild-type DNA remains hybridized to the probe. DISSECT is highly sensitive and can detect 1 

mutant allele in the presence of 10,000 wild-type fragments. However, magnetic beads are prone 

to aggregation and sedimentation, which decreases the amount of DNA extracted.11,12 The ideal 

sequence-specific DNA extraction method should rapidly and selectively isolating SNPs from 

complex media. However, current methods such as SCODA and DISSECT suffer from high 

economic costs, sedimentation, and time-consuming purifications steps, and alternative 

extraction procedures should be investigated to improve sample throughput, selectivity, and 

detection limits. 

An attractive alternative to traditional bead-based approaches is the use of paramagnetic 

liquid extraction solvents such as magnetic ionic liquids (MILs). MILs are a subclass of ionic 

liquids (ILs) that contain a paramagnetic component in either the cation or anion. MILs exhibit a 

number of interesting properties including negligible vapor pressure at room temperature, high 

thermal stability, magnetic susceptibility, and tunable physiochemical properties.13-15 These 

properties enable the use of MILs as extraction solvents in a wide range of applications, 
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including the sequence-specific extraction of DNA.16,17 In particular, strategies that couple ion-

tagged oligonucleotide (ITO) probes and MILs represent an economical, particle-free alternative 

towards sequence-specific DNA extraction with low background DNA co-extraction and high 

extraction efficiencies. ITOs are designed to form a duplex with a single-stranded DNA target 

and can be captured by the MIL solvent through various interactions, such as hydrophobic  

interactions. ITOs are typically synthesized via the thiol-ene click reaction between a 3’ thiol-

modified oligonucleotide and an allylimidazolium IL.  

Quantitative polymerase chain reaction (qPCR) is an important tool in DNA analysis 

capable of rapidly amplifying and quantifying small amounts of DNA. The reaction can be 

monitored in real-time using fluorescent probes such as SYBR Green or FAM, eliminating the 

lengthy electrophoretic separation step required in end-point PCR.  However, qPCR is highly 

susceptible to inhibition and requires an initial DNA purification step in order to obtain accurate 

quantification.18 Current sequence-specific DNA extraction procedures often require a time-

consuming extraction step (i.e., up to 60 min).19 Extraction times can often be dramatically 

reduced by employing dispersive liquid-liquid microextraction (DLLME) as opposed to static 

extraction methods. DLLME involves dispersing the extraction solvent into small droplets which 

significantly increases the surface area of the extraction phase. DLLME methods can take as 

little time as 1 min, and the high agitation rate prevents sedimentation of the extraction 

solvent.20-22 MILs have recently been employed as DLLME solvents in order to circumvent the 

numerous centrifugation steps required to sediment traditionally employed organic solvents.23 

The paramagnetic properties of MILs can be exploited to  rapidly collect droplets using a magnet 

resulting in more efficient extraction procedures. 
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One major bottleneck in DNA extraction procedures is the recovery step.  Commercial 

magnetic beads recommend a 10 min thermal desorption step which ultimately reduces sample 

throughput. One approach to overcoming this bottleneck is introducing the extraction phase to 

the qPCR buffer and using elevated temperatures of qPCR to desorb target DNA to the reaction. 

However, introducing magnetic beads or chitosan microparticles to the reaction buffer decreases 

the amplification efficiency making quantification unreliable.24 It has been shown that MILs can 

be directly added to PCR by designing a buffer capable of relieving any inhibition caused by the 

MIL with minimal effect on the amplification efficiency.25 The use of direct-MIL-qPCR 

streamlines the extraction procedure by removing time-consuming DNA recovery steps.  

Although previously reported ITO-MIL approaches have provided a selective DNA 

extraction method capable of extracting large amounts of DNA from cell lysate compared to 

commercially available magnetic bead-based methods, the ITO-MIL strategy has only been 

applied to high concentrations of target DNA (282 pM) and required lengthy extraction and 

desorption steps.16,26 To overcome the aforementioned disadvantages of previously reported 

ITO-MIL methods a dispersive extraction method was developed to rapidly preconcentrate low 

concentrations of (3.3 fM) of the mutation prone KRAS oncogene fragment from plasma. DNA-

enriched MIL was subsequently incorporated into the qPCR buffer to further increase sample 

throughputs. The extraction of albumin and DNA by three hydrophobic, manganese(II)-based 

MILs consisting of trihexyl(tetradecyl)phosphonium ([P6,6,6,14
+]) 

tris(hexafluoroacetylaceto)manganate(II) ([Mn(hfacac)3
-]), trioctylbenzylammonium ([N8,8,8,Bz

+]) 

[Mn(hfacac)3
-], and [N8,8,8,Bz

+] 

bis(hexafluoroacetylaceto)phenyltrifluoroacetylacetomanganate(II) ([Mn(hfacac)2(Phtfacac)-]) 

were evaluated. MILs were specifically designed to provide minimal background DNA and 
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protein extraction while maintaining qPCR compatibility. ITOs were designed to contain a 20 nt 

oligonucleotide complimentary to the KRAS amplicon. In addition, four ITOs containing either 

alkyl or aromatic moieties and different anions were investigated as DNA extraction probes. 

Once the ITO annealed to the target sequence, the ITO-DNA duplex was preconcentrated in as 

little as 1 min followed by collection of MIL droplets using an external magnet.  Furthermore, 

DNA was desorbed from the MIL during qPCR thereby avoiding lengthy desorption steps. 

Incorporation of the DNA-enriched MIL into the qPCR buffer did not significantly affect the 

amplification efficiency when extracting KRAS target from pure water or 10-fold diluted plasma. 

The ITO-MIL-DLLME method obtained enrichment factors as high as 19.49 ± 1.44 from pure 

water, and selectively preconcentrated DNA from a diluted plasma matrix indicating its potential 

for the analysis of ctDNA from clinical samples. 

4.2 Materials and Methods 

4.2.1 Reagents and Materials 

Manganese(II) chloride tetrahydrate (98.0-101.0%) was purchased from Alfa Aesar (Ward 

Hill, MA, USA). Ammonium hydroxide (28-30% solution in water), 1,1,1,5,5,5-

hexafluoroacetylacetone (99%), 1-phenyl-4,4,4-trifluoro-1,3-butanedione (99%), and 

trioctylamine (97%) were purchased from Acros Organics (Morris Plains, NJ, USA).  Anhydrous 

diethyl ether (99.0%) was purchased from Avantor Performance Materials Inc. (Center Valley, 

PA, USA). Trihexyl(tetradecyl)phosphonium chloride (97.7%) was purchased from Strem 

Chemicals (Newburyport, MA, USA). Ethylenediaminetetraacetic acid (EDTA) (99.4-100.06%), 

bovine serum albumin (BSA) (≥96%), allyl bromide, 1-bromooctane (99%), benzylimidazole 

(99%), triethylamine (≥99.5%), LC-MS grade acetonitrile (≥99.9%), lyophilized plasma from 

human (4% trisodium citrate), deoxyribonucleic acid sodium salt from salmon testes (stDNA), 
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and magnesium chloride hexahydrate (99.0-102.0%)  were purchased from Sigma-Aldrich (St. 

Louis, MO, USA). SYBR Green I (10,000x) was purchased from Life Technologies (Carlsbad, 

CA, USA). Urea (>99%) and tris(2-carboxyethyl)phosphine (TCEP) (>98%) were purchased 

from P212121 (Ypsilanti, MI, USA). Ammonium persulfate (APS) (≥98.0%), 40% acrylamide, 

bis-acrylamide solution 29:1, SsoAdvanced Universal SYBR Green Supermix, and a KRAS, 

human PrimePCRTM SYBR green assay (120 base pair amplicon; additional information can be 

found on Bio-Rad’s website) were purchased from Bio-Rad Laboratories (Hercules, CA, USA). 

Thiolated, biotinylated, and unmodified oligonucleotides (sequences shown in Table S1) were 

purchased from Integrated DNA Technologies (Coralville, IA, USA). PCR caps, tube strips, 

sodium chloride, and Dynabeads Myone Steptavidin C1 magnetic beads were purchased from 

Thermo Fisher Scientific (Waltham, MA, USA). Tris-HCl was purchased from RPI (Mount 

Prospect, IL, USA). Neodymium rod (0.66 T) and cylinder magnets (0.9 T) were purchased from 

K&J Magnetics (Pipersville, PA, USA) and used to collect dispersed MIL droplets or magnetic 

beads. Deionized water (18.2 MΩ cm), obtained from a Milli-Q water purification system, was 

used to prepare all aqueous solutions (Millipore, Bedford, MA, USA).  

4.2.2 Instrumentation  

ITO characterization was performed using an Agilent 1260 Infinity high performance 

liquid chromatograph (HPLC) with a diode array detector coupled to an Agilent 6230B accurate 

mass time of flight (TOF) mass spectrometer with an electrospray source. A Zorbax Extend C18 

column (50 mm × 2.1 mm i.d. × 1.8 µm particle size) purchased from Agilent Technologies was 

used for the separation and characterization of ITOs. The column was equilibrated for 20 min at 

0.2 mL min−1 with a mobile phase composition of 95:5 A:B where mobile phase A was 5 mM 

triethylammonium acetate (pH 7.4) and B was LC-MS grade acetonitrile. In order to prevent 
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non-volatile imidazolium salts and urea from entering the mass spectrometer, LC eluent was 

diverted to the waste for the first 8 min. Gradient elution was performed using the following 

program: 5% B for 5 min, gradient increase 5% to 19.4% B from 5 to 17 min, increased 19.4% to 

35% B from 17 to 18 min, held at 35% B from 18 to 20 min, increased 35% B to 100% B from 

20 to 30 min, and held at 100% B from 30 to 33 min. The nebulizing gas was set to 35 psi. The  

drying (N2) gas flow rate was 9 L min−1 with a temperature of 350 °C and a capillary voltage of 

4000 V. Spectra were acquired from 100-3000 m/z with a scan rate of 1 spectrum sec−1.   

HPLC separations were performed on an Agilent Technologies 1260 system with 

variable wavelength detection (Santa Clara, CA, USA) to investigate the capability of the 

investigated MILs to extract DNA and protein as well as to examine loading of the DNA-ITO 

duplex to the MIL phase. A TSKgel DEAE-NPR anion exchange column (35 mm × 4.6 mm i.d. 

× 2.5 µm particle size) with a TSKgel DEAE-NPR guard column (5 mm × 4.6 mm i.d. × 5 µm 

particle size) was obtained from Tosoh Bioscience (King of Prussia, PA, USA) and used to 

examine the DNA and protein extraction ability of the three MILs. When separating and 

detecting stDNA, the column was equilibrated with a mobile phase composition of 50:50 A:B 

(i.e, mobile phase A: 20 mM Tris-HCl (pH 8) and mobile phase B: 1 M NaCl and 20 mM Tris-

HCl (pH 8)). Gradient elution was achieved from 50% mobile phase B and ramping to 100% B 

from 0 to 10 min. In the separation of 20 bp DNA, the column was first equilibrated with mobile 

phase A for 20 min followed by gradient elution from 0% to 50% mobile phase B from 0 to 10 

min and increase to 100% B from 10 to 15 min. In order to separate BSA, the column was first 

equilibrated with mobile phase A for 20 min followed by gradient elution from 0% to 50% B 

from 0 to 15 and increase to 100% B from 15 to 20 min. A flow rate of 0.5 mL min−1 was used 

for all HPLC separations. DNA and albumin were detected at 260 and 280 nm, respectively. 
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Denaturing polyacrylamide gel electrophoresis (PAGE) was performed using a Mini 

Protean 3 electrophoresis system from Bio-Rad Laboratories with an ECPS 3000/150 power 

supply from Pharmacia (Stockholm, Sweden). An 18% polyacrylamide gel was prepared using 7 

M urea to separate the ITOs from unreacted oligonucleotides. A 30 min pre-run was performed 

at 200 V and 150 W to equilibrate the gel and improve band resolution. Once the sample was 

loaded, the gel was run at 200 V and 150 W for approximately 1 h with an ice bath to cool the 

electrophoresis tank. 

qPCR amplification was achieved using a Bio-Rad CFX96 Touch Real-time PCR, and 

the following amplification program was used: 2 min denaturation step at 95 °C for 2 min, 

followed by 40 cycles of 5 s at 95°C and 30 x at 60 °C. Melt curves of qPCR products were 

achieved by heating from 65°C to 95°C in 0.5°C 5 s-1 increments. Melt curves of qPCR products 

were achieved by starting at 65°C for 5 s and increasing to 95°C in 0.5°C increments. Melt 

curves analysis of the ITO to a complementary sequence and sequences containing a 1 or 2 

nucleotide (nt) mismatch was achieved using the following program: initial 5 min denaturation 

step at 90°C, 10 min annealing step at 20°C, and heating ramp from 20°C to 95°C in 0.5°C 

increments every 5 s. 

4.2.3 MIL and ITO synthesis 

Chemical structures of the three MILs are shown in Figure 4-1(1-3). The 

[NH4
+][Mn(hfacac)3

-] salt and [P6,6,6,14
+][Mn(hfacac)3

-] MIL were synthesized and characterized 

using a previously reported procedure.27 The [N8,8,8,Bz
+] cation was synthesized as previously 

reported and characterized using NMR, as shown in Figure 4-S1.28 The [N8,8,8,Bz
+][Mn(hfacac)3

-] 

MIL was synthesized by stirring equimolar amounts of [N8,8,8,Bz
+][Br-] and [NH4

+][Mn(hfacac)3
-] 

in 30 mL of methanol overnight. The [NH4
+] hexafluoroacetylacetonate ([hfacac-]) and [NH4

+] 
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phenyltrifluoroacetylacetonate ([Phtfacac-]) salts were prepared by dissolving either 

hexafluoroacetylacetone (hfacac) or phenyltrifluoroacetylacetone (Phtfacac) in 30 mL of ethanol 

with equimolar amounts of [NH4
+][OH-]. The product was subsequently dried for 5 hr in a 

vacuum oven. The [NH4
+][Mn(hfacac)2(Phtfacac)-] salt was synthesized by reacting 2 molar 

equivalents of [NH4
+][hfacac-], 1 molar equivalent of [NH4

+][Phtfacac-], and 1 molar equivalent 

of MnCl2 overnight in ethanol. The [N8,8,8,Bz
+][Mn(hfacac)2(Phtfacac)-] MIL was synthesized by 

stirring equimolar amounts of [N8,8,8,Bz
+][Br-] and [NH4

+][Mn(hfacac)2(Phtfacac)-] salts in 30 mL 

of methanol overnight. All three MILs were purified using diethyl ether and water and 

subsequently dried overnight in a vacuum oven. The MIL solvents were stored in a desiccator 

when not in use.  Elemental analysis results were acquired using a PE 2100 Series II combustion 

analyzer (Perkin Elmer Inc., Waltham, M.A.).  Carbon/hydrogen/nitrogen (CHN) calculated for 

[N888Bz
+][Mn(hfacac)2(Phtfacac)-]: %C = 54.26, %H = 5.89, %N = 1.24; Found: %C = 53.47, 

%H= 5.75, %N = 1.56. Calculated for [P66614
+][Mn(hfacac)3

-]: %C = 48.67, %H = 6.17; Found: 

%C = 50.15, %H = 6.16.  Calculated for [N888Bz
+][Mn(hfacac)3

-]: %C = 49.29, %H = 5.49, and 

%N = 1.25; Found: %C = 50.22, %H = 5.45, %N = 1.80.  

Chemical structures of the four ITOs used in this study are shown in Figure 4-1(4-7). ITOs 

were prepared according to previously reported methods.16 By reacting the [AOIM+]-KRAS [Br-] 

and [ABzIM+]-KRAS [Br-] ITOs with an equimolar amount of KPF6, the [AOIM+]-KRAS [PF6
-] 

and [ABzIM+]-KRAS [PF6
-] ITOs were prepared. All ITOs were characterized using HPLC-TOF 

MS, as shown in Table S2 and Figure 4-S2. 

4.2.4 Background DNA and Protein Co-extraction by MILs 

 To investigate the protein extraction capabilities of the three MILs, a 20 µL volume of 

MIL was added to a 1 mL solution of 1 mg mL-1 BSA and manually agitated for 30 s. After 
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dispersing the MIL, 20 µL of the aqueous solution was subjected to anion exchange 

chromatography for quantitative analysis. To ensure low background DNA co-extraction by the 

MIL, two different DNA sequences were examined involving the addition of a 20 µL volume of 

MIL to 50 ng/µL stDNA, or 18.3 ng/µL 20 bp DNA. The solution was manually agitated for 30 

s. Subsequently, 20 µL of the aqueous solution was subjected to anion exchange separation for 

analysis.  

 

Figure 4-1 Chemical structures of the manganese(II)-based hydrophobic MILs (1-3) and octyl- 

and benzyl-imidazolium-based ITO (4-7) structures used for all experiments.  
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4.2.5 Examining DNA-ITO Duplex Loading to MIL 

 To determine the optimum ITO and MIL pair, a 1 µL aliquot of MIL was added to a 60 

µL solution containing 25 mM NaCl and 1 ng µL-1 ITO-DNA duplex solution. The solution was 

then incubated for 10 min at room temperature. Subsequently, 20 µL of the aqueous phase was 

subjected to anion exchange chromatographic analysis.  

4.2.6 Annealing and Capture of Target DNA 

The general procedure used to anneal target KRAS template to the ITO and subsequent 

extraction using DLLME is shown in Figure 4-2. A 1 mL solution of 25 mM NaCl, 2×104 copies 

µL-1 of KRAS template, and an optimized amount of ITO was prepared in a 5 mL screw cap glass 

vial. A 10 µL aliquot was then removed and used as a standard. The DNA solution was heated to 

90°C using a Fisher Isotemp 2322 water bath (Rochester, MN, USA) for 2 min to melt the DNA 

duplex and then cooled to 30°C for 8 min to anneal the target DNA to the ITO. Subsequently, an 

optimized volume of MIL was dispersed using a Barnstead/Thermolyne Type 16700 mixer 

(Dubuque, IA, USA) for an optimal amount of time. MIL droplets were collected using a rod 

magnet (B = 0.66 T) and subsequently washed with deionized water (18.2 MΩ cm). A 0.3 µL 

aliquot of DNA-enriched MIL was then placed into a qPCR tube for downstream analysis.  

Sequence-specific DNA extractions using Dynabeads Myone Steptavidin C1 beads were 

performed according to the manufacturer’s instructions. A 1 mL solution of 25 mM NaCl, 2×104 

copies µL-1 of template, and 332 fM biotinylated probe was prepared in a 5 mL screw cap glass 

vial. A 10 µL aliquot of this solution was used as a standard. The sample solution was heated for 

5 min at 90°C and then cooled on ice for 5 min. The magnetic beads (i.e., 10 µg) were washed 

three times with 5 mM Tris-HCl (pH 7.5), 0.5 mM EDTA, and 1 M NaCl prior to adding 

magnetic beads to the sample solution. The sample was agitated using a New Brunswick 
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Scientific incubator shaker (Edison, NJ, USA) for 10 min at 250 rpm. Subsequently, the beads 

were collected using an external magnet (B = 0.9 T) and washed three times with 5 mM Tris-HCl 

(pH 7.5), 0.5 mM EDTA, and 1 M NaCl. The beads were then suspended in 20 µL of H2O and 

heated at 90°C for 10 min to desorb captured DNA. 

 

Figure 4-2 General extraction procedure used to capture target KRAS DNA. DNA-enriched MIL 

was added to the reaction buffer for qPCR detection. 

4.2.7 qPCR Amplification 

The addition of 0.3 µL [P6,6,6,14
+][Mn(hfacac)3

-] MIL to a 20 µL qPCR mixture required 

1x SsoAdvanced Supermix, 1x PrimePCR assay mix, 4 mM EDTA, and additional 1x SYBR 

Green I. qPCR amplification with 0.3 µL of the [N8,8,8,Bz
+][Mn(hfacac)3

-] MIL was achieved 

using the 1x SsoAdvanced Supermix, 1x PrimePCR assay mix, 6.25 mM MgCl2, 4 mM EDTA, 

and an additional 0.4x SYBR Green I for a final volume of 20 µL. The addition of 0.3 µL 

[N8,8,8,Bz
+][Mn(hfacac)2(Phtfacac)-] MIL to a 20 µL qPCR mixture required 1x SsoAdvanced 

Supermix, 1x PrimePCR assay mix, 2.5 mM MgCl2, 2 mM EDTA, and  additional 1x SYBR 

Green I. 
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The threshold cycle (Cq) was determined using the fluorescence threshold provided by 

the Bio-Rad CFX Maestro software and used to determine the amount of the KRAS-ITO duplex 

extracted by the hydrophobic MIL.  A standard curve was constructed for KRAS template (see 

Figure 4-S3) and to determine the concentration of DNA extracted using the ITO-MIL-DLLME 

procedure. The enrichment factors (Ef) obtained for each extraction were calculated using 

equation 1, where CMIL is the concentration of DNA extracted using the MIL and CStd represents 

the concentration of target DNA initially present in the sample. 

𝐸𝑓 =
𝐶𝑀𝐼𝐿

𝐶𝑆𝑡𝑑
     Equation 4-1 

4.3 Results and Discussion 

4.3.1 qPCR Conditions to Mitigate the Inhibitory Effects of MILs 

 In order to remove tedious sample handing steps and increase sample throughputs, DNA-

enriched MIL was incorporated into the qPCR buffer where DNA is capable of desorbing from 

the MIL due to the elevated temperatures required for the reaction.  However, it has been 

previously shown that hydrophobic MILs can dissolve under the elevated temperatures required 

for PCR.29 Solubilized MIL components can inhibit PCR amplification; nevertheless, qPCR 

inhibition can be relieved through the addition of EDTA, BSA, additional MgCl2, additional 

Tris-HCl, and additional SYBR Green I.  

The inhibition of qPCR due to the addition of [P6,6,6,14
+][Mn(hfacac)3

-], 

[N8,8,8,Bz
+][Mn(hfacac)3

-], and [N8,8,8,Bz
+][Mn(hfacac)2(Phtfacac)-] MILs was mitigated by 

titrating 0-8 mM MgCl2, 0-8 mM EDTA, and 0-1x SYBR Green I into the buffer. Incorporation 

of 0.3 µL of [P6,6,6,14
+][Mn(hfacac)3

-] MIL to the qPCR buffer required 4 mM EDTA and 1x 

SYBR Green I, as previously reported.25 The addition of 0.3 µL of the [N8,8,8,Bz
+][Mn(hfacac)3

-] 

MIL to the qPCR buffer was optimized to require 4 mM EDTA, 6.25 mM MgCl2, and 0.4x 

SYBR Green I. Inhibition caused by 0.3 µL of the [N8,8,8,Bz
+][Mn(hfacac)2(Phtfacac)-] MIL 
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required 4 mM EDTA, 2.5 mM MgCl2, and 1x SYBR Green I in order to achieve amplification. 

Addition of EDTA to the MIL-qPCR buffer chelates solubilized anion providing relief to qPCR 

inhibition. Without additional SYBR green in solution, the fluorescence signal remains low 

likely due to the partitioning of SYBR Green I to the hydrophobic MIL phase.30 

The addition of excess oligonucleotides to a PCR reaction can either accelerate the 

reaction or lead to the formation of primer-dimers.31-34 Therefore, to investigate the effect of the 

ITO on the reaction, 4×106 copies of ITO were spiked into the qPCR buffer. However, as shown 

in Figure 4-S4, spiking ITOs into the qPCR did not affect the Cq nor did the melt curve indicate 

the presence of primer-dimers. In this case, it appears that the addition of ITO did not affect the 

reaction likely due to the low concentration of the probe. 

Examination of the melting temperature (Tm) can be used to differentiate SNPs.35 

Therefore, the Tm of qPCR product was examined to investigate whether the MIL-based DNA 

extraction or direct qPCR amplification altered the DNA sequence. Figure 4-S5 shows that the 

Tm of extracted target DNA was comparable to the KRAS standard (± 0.5 °C) suggesting that the 

sequence was not altered due to the MIL This result is in agreement with previous MIL-based 

DNA amplification studies.29  

4.3.2 MIL and ITO Screening 

 An ideal MIL solvent should be capable of capturing the ITO-DNA duplex while not 

extracting background DNA and plasma components. However, plasma contains 35-80 mg mL-1 

of protein making it an extremely challenging and complex matrix due to the fact that plasma 

proteins can inhibit qPCR amplification.18,36-38 Furthermore, plasma contains high levels of 

background DNA presenting a challenge for targeted analysis. Therefore, to prevent co-

extraction of background DNA,  manganese(II)-based MILs were investigated as they have been 
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previously shown to poorly extract DNA.16,25 In addition, manganese(II) binds poorly to 

albumin, which makes up over 50% of the total protein content of plasma.39-41 As shown in 

Figure 4-3, the addition of aromatic moieties to either the cation or anion component of the MIL 

was shown to reduce the amount of BSA extracted. The three MILs were also tested to examine 

the extraction efficiency of short (20 bp) and long (20 Kbp) DNA fragments. All three MILs 

extracted less than 2% of either DNA sequence, as shown in Figure 4-3.  

 

Figure 4-3 Extraction efficiency of BSA (blue), stDNA (red), and 20 bp DNA (green) using the 

[P6,6,6,14
+] [Mn(hfacac)3

-], [N8,8,8,Bz
+] [Mn(hfacac)3

-], and [N8,8,8,Bz
+][Mn(hfacac)2(Phtfacac)-] 

MILs. BSA concentration: 1 mg mL-1, stDNA concentration: 50 ng µL-1, 20 bp DNA 

concentration: 18.3 ng µL-1; sample volume: 1 mL; agitation time: 30 s; MIL volume: 20 µL. 

 Previously, it was reported that DNA-ITO duplexes interact with the MIL solvent 

primarily through hydrophobic interactions.16 Exchanging the [Br-] anion of the ITO with a more 

hydrophobic anion, such as [PF6
-], has the potential to facilitate stronger interactions with the 

MIL solvent and possibly improve loading efficiency. As shown in Figure 4-4, 56.94 ± 1.61% of 

the target was extracted by the [P6,6,6,14
+][Mn(hfacac)3

-] MIL using the [AOIM+]-KRAS [PF6
-] 

ITO while only 48.18 ± 3.89%, 45.98 ± 3.32%, and 38.59 ± 4.90%  was loaded using the 

[AOIM+]-KRAS [Br-], [ABzIM+]-KRAS [Br-], and [ABzIM+]-KRAS [PF6
-] ITOs, respectively. In 

addition, incorporation of aromatic moieties into the ITO and MIL structures facilitated π-π 

stacking interactions and provided a modest increase in the amount of ITO loaded to the MIL. As 
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shown in Figure 4-4, 65.94 ± 9.55% of the [ABzIM+]-KRAS [Br-] ITO-DNA duplex was loaded 

onto the [N8,8,8,Bz
+][Mn(hfacac)3

-] MIL whereas only 26.13 ± 3.44%, 37.83 ± 1.28%, and 20.17 ± 

2.04%  was loaded using the [AOIM+]-KRAS [Br-], [AOIM+]-KRAS [PF6
-], and [ABzIM+]-KRAS 

[PF6
-] ITOs, respectively. Using the [N8,8,8,Bz

+][Mn(hfacac)2(Phtfacac)-] MIL as an extraction 

solvent, 16.56 ± 3.36% [AOIM+]-KRAS [Br-], 42.05 ± 0.72% [AOIM+]-KRAS [PF6
-], 53.69 ± 

2.27% [ABzIM+]-KRAS [Br-] ITO, and 25.10 ± 4.91% [ABzIM+]-KRAS [PF6
-] ITO was loaded 

onto the MIL solvent, as shown in Figure 4-4.  

4.3.3 Optimization of the ITO-MIL-DLLME Method 

Cell-free DNA (cfDNA) is present in relatively high concentrations (1-100 pM) in blood, 

plasma, and serum.42 However, certain tumor mutations can comprise less than 0.01% of the 

total amount of cfDNA.43 Therefore, a clinically relevant concentration of 2×104 copies µL-1 (33 

fM) of target KRAS fragments was used during optimization. A 1 mL sample volume was 

selected in order to maintain the minimum sample volume capable of being dispersed. 
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Figure 4-4 Loading efficiencies of the ITO-DNA duplex to the MIL phase using the [AOIM+]-

KRAS [Br-], [AOIM+]-KRAS [PF6
-], [ABzIM+]-KRAS [Br-], and [ABzIM+]-KRAS [PF6

-] ITOs 

and [P6,6,6,14
+][Mn(hfacac)3

-] (blue), [N8,8,8,Bz
+][Mn(hfacac)3

-] (green), and 

[N8,8,8,Bz
+][Mn(Phtfacac)(hfacac)2

-] (purple) MILs. ITO concentration: 1 ng µL-1; KRAS 

complement: 1 ng µL-1; NaCl concentration: 25 mM; sample volume: 60 µL; MIL volume: 1 

µL; extraction time: 10 min. 
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 The amount of ITO versus the amount of DNA present in the solution was first 

optimized. The sample was initially heated to 90°C to denature the DNA duplex followed by a 

cooling step to 30°C. After annealing the ITO to the target DNA, 6 µL of MIL was added to the 

solution. The solution was vortexed for 1 min, and the DNA-enriched MIL was recovered from 

the aqueous solution using a rod magnet (B = 0.66 T) and subjected to qPCR analysis. As shown 

in Figure 4-S6, a 10-fold excess of either [AOIM+]-KRAS [PF6
-] and [ABzIM+]-KRAS [Br-] ITO 

was found to be optimum for the [P6,6,6,14
+][Mn(hfacac)3

-], [N8,8,8,Bz
+][Mn(hfacac)3

-], and 

[N8,8,8,Bz
+][Mn(hfacac)2(Phtfacac)-] MILs. Target DNA can either reanneal to the complimentary 

sequence or anneal to the ITO. Therefore, to increase the probability that target DNA anneals to 

the ITO, an excess amount of ITO was needed. However, high concentrations of ITO may result 

in the MIL extracting unhybridized ITO instead of the desired ITO-DNA complex.   

 The volume of MIL dispersed in the solution was also optimized for all three MILs. A 

volume of 8 µL of [P6,6,6,14
+][Mn(hfacac)3

-] MIL was found to be optimum while dispersing 6 µL 

and 4 µL of [N8,8,8,Bz
+][Mn(hfacac)3

-] and [N8,8,8,Bz
+][Mn(hfacac)2(Phtfacac)-] MILs, respectively, 

produced the highest extraction efficiencies, as shown in Figure 4-S7. Larger volumes of MIL 

generally resulted in lower Ef as DNA can be diluted within the MIL.44  

 Additionally, the extraction time was optimized to achieve the highest Ef in the shortest 

amount of time. As shown in Figure 4-S8, an extraction time of 3 min was optimum for the 

[P6,6,6,14
+][Mn(hfacac)3

-] MIL while 1 min was optimum for the [N8,8,8,Bz
+][Mn(hfacac)3

-] and 

[N8,8,8,Bz
+][Mn(hfacac)2(Phtfacac)-] MILs. After the optimum times for the 

[P6,6,6,14
+][Mn(hfacac)3

-] and [N8,8,8,Bz
+][Mn(hfacac)3

-] MILs, a sharp decrease in the amount of 

DNA extracted was observed.  
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4.3.4 Comparison to Commercial Sequence-Specific Magnetic Beads 

 Streptavidin magnetic beads have been used to capture specific ctDNA mutations from 

clinical plasma samples.3,9,10  A significant drawback to using magnetic beads is their propensity 

to aggregate and sediment, which is especially problematic when extraction of low 

concentrations of target DNA requires the beads to be suspended for long periods of time. MILs 

are uniquely capable of overcoming these issues as they can be easily dispersed into fine droplets 

that remain suspended in solution for extended periods of time.45 Due to these properties, MILs 

have the potential to provide unique advantages over commercial magnetic beads in sequence-

specific DNA extractions. The ITO-MIL-DLLME procedure was compared to the commercial 

Dynabeads Myone streptavidin C1 magnetic beads. As shown in Figure 4-5a, extractions 

performed using the [P6,6,6,14
+][Mn(hfacac)3

-] and [N8,8,8,Bz
+][Mn(hfacac)3

-] MILs produced Ef 

values of 19.49 ± 1.44 and 16.44 ± 2.21 outperforming the commercial streptavidin Dynabeads, 

which provided a respectable Ef of 9.73 ± 0.42 from pure water. When examining the amount of 

DNA co-extracted by the MIL and magnetic beads, the optimized extraction was performed 

without either the ITO or biotinylated probe. As shown in Figure 4-5a, a low Ef from pure water 

was obtained without ITO and biotinated probe present in solution. The limited co-extraction of 

DNA by the MIL solvent indicates that DNA extracted can be attributed to the ITO or the 

biotinylated probe.  

 When comparing the extraction of KRAS target from 10-fold diluted plasma using the 

three MILs and the commercial magnetic beads, the [ABzIM+]-KRAS [Br-] ITO and 

[N8,8,8,Bz
+][Mn(hfacac)3

-] MIL produced the highest Ef, as shown in Figure 4-5b. The 

[N8,8,8,Bz
+][Mn(hfacac)2(Phtfacac)-] MIL experienced only a two-fold decrease in Ef, which may 

be linked to the low BSA extraction efficiency associated with this MIL.   However, extractions 
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using the magnetic beads from 10-fold diluted plasma produced an Ef  of  only 1.30 ± 0.07, 

possibly due to the biotinylated probe interacting with plasma proteins.46 This is supported by the 

fact that the Ef obtained using streptavidin-coated magnetic beads, with or without the 

biotinylated probe, were within error (i.e., 1.25 ± 0.18). As shown in Figure 4-5b, low Ef values 

were achieved when the ITO was not present in solution suggesting that the ITO plays a 

dominant role in preconcentrating DNA from the plasma solution. However, selectivity was lost 

when performing extractions with the steptavidin-coated magnetic beads from 10-fold diluted 

plasma. 

 

Figure 4-5 Enrichment factor obtained for the sequence-specific extraction of KRAS target 

using the [P6,6,6,14
+] [Mn(hfacac)3

-] MIL, [N8,8,8,Bz
+][Mn(hfacac)3

-] MIL , [N8,8,8,Bz
+] 

[Mn(hfacac)2(Phtfacac)-] MIL, and Dynabeads Myone Steptavidin C1 magnetic beads from pure 

water (a) and 10-fold diluted plasma (b) with (blue) and without (red) ITO or biotinylated probe. 

[P6,6,6,14
+] [Mn(hfacac)3

-] MIL conditions: KRAS template concentration: 2×104 copies µL-1, 

amount of [AOIM+]-KRAS [PF6
-] ITO relative to DNA: 10x, NaCl concentration: 25 mM, 

sample volume: 1.0 mL, MIL volume: 8 µL; extraction time: 3 min. [N8,8,8,Bz
+][Mn(hfacac)3

-] 

MIL conditions: KRAS template concentration: 2×104 copies µL-1, amount of [ABzIM+]-KRAS 

[Br-]  relative to DNA: 10x, NaCl concentration: 25 mM, sample volume: 1.0 mL, MIL volume: 

6 µL: extraction time: 1 min. [N8,8,8,Bz
+] [Mn(hfacac)2(Phtfacac)-] MIL conditions: KRAS 

template concentration: 2×104 copies µL-1, amount of [ABzIM+]-KRAS [Br-]  relative to DNA: 

10x, NaCl concentration: 25 mM, sample volume: 1.0 mL, MIL volume: 4 µL; extraction time: 1 

min. Dynabeads Myone Steptavidin C1 magnetic beads conditions: KRAS template 

concentration: 2×104 copies µL-1, concentration of biotinylated probe: 332 fM, NaCl 

concentration: 25 mM, mass of magnetic beads: 10 µg; sample volume: 1.0 mL; extraction time: 

10 min; agitation rate: 250 rpm; desorption time: 10 min; desorption volume: 20 µL. 

 

   

a) b) 
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In order to determine whether the ITO-MIL-DLLME-qPCR method could be used for 

accurate quantification, calibration curves for each MIL were constructed by performing a series 

of five extractions at different concentration levels followed by the determination of 

amplification efficiency using equation 2. Ideally, the amplification efficiency should range 

between 90-110% indicating that DNA is successfully duplicated with each cycle and that  

𝐸𝑓𝑓𝑖𝑐𝑒𝑛𝑐𝑦 = (10
(−

1

𝑠𝑙𝑜𝑝𝑒
)

− 1) ∗ 100%     Equation 2 

quantification can be achieved.47 It was observed that all three MILs did not significantly alter 

the amplification efficiency when incorporated into the qPCR buffer. The [P6,6,6,14
+] 

[Mn(hfacac)3
-] MIL produced an efficiency of 100.1%, while the [N8,8,8,Bz

+][Mn(hfacac)3
-] MILs 

exhibited an efficiency of 107.9%, and the [N8,8,8,Bz
+][Mn(hfacac)2(Phtfacac)-] MIL enabled an 

efficiency of 107.9%, as shown in Figure 4-6. Calibration curves from 10-fold diluted plasma 

were also constructed for all three MILs to determine if quantification could be achieved from a 

more complex medium. As shown in Figure 4-7, the amplification efficiencies associated with 

the extraction of KRAS from 10-fold diluted plasma fell between 90-110% with the addition of 

the [P6,6,6,14
+][Mn(hfacac)3

-], [N8,8,8,Bz
+][Mn(hfacac)3

-], and [N8,8,8,Bz
+][Mn(hfacac)2(Phtfacac)-] 

MIL to the qPCR buffer resulting in efficiencies of 106.3%, 109.3%, and 103.5% respectively. 

Amplification efficiencies obtained from the ITO-MIL-DLLME procedure in pure water and 

diluted plasma indicate that there is little inhibition attributed to adding manganese(II)-based 

MILs to the qPCR buffer and that this method can be used for quantification purposes  

4.3.5 Selectivity of the ITO-MIL-DLLME Method 

The detection of low abundance ctDNA is of particular importance for early cancer 

detection, prognosis, and treatment monitoring.48 However, several common ctDNA fragments 

are SNPs that complicate ctDNA detection.2 In order to investigate the selectivity of the ITO
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Figure 4-6 Standard curves generated using the optimized MIL-DLLME method for the (a) 

[P6,6,6,14
+] [Mn(hfacac)3

-], (b) [N8,8,8,Bz
+][Mn(hfacac)3

-], (c) [N8,8,8,Bz
+] [Mn(hfacac)2(Phtfacac)-] 

MILs as extraction solvents. [P
6,6,6,14

+
] [Mn(hfacac)

3

-
] MIL conditions: KRAS template 

concentration: 2×104 copies µL-1, amount of [AOIM+]-KRAS [PF6
-]  relative to DNA: 10x, NaCl 

concentration: 25 mM, sample volume: 1.0 mL, MIL volume: 8 µL; extraction time: 3 min. 

[N
8,8,8,Bz

+
][Mn(hfacac)

3

-
] MIL conditions: KRAS template concentration: 2×104 copies µL-1, 

amount of [ABzIM+]-KRAS [Br-]  relative to DNA: 10x, NaCl concentration: 25 mM, sample 

volume: 1.0 mL, MIL volume: 6 µL: extraction time: 1 min. [N
8,8,8,Bz

+
] [Mn(hfacac)

2
(Phtfacac)

-
] 

MIL conditions: KRAS template concentration: 2×104 copies µL-1, amount of [ABzIM+]-KRAS 

[Br-] ITO relative to DNA: 10x, NaCl concentration: 25 mM, sample volume: 1.0 mL, MIL 

volume: 4 µL; extraction time: 1 min. 

probes for the complementary sequence and 1-2 nt mismatch, melt curve analysis was 

performed. If the oligonucleotides are not complimentary, the Tm will decrease indicating 

instability of the hybridization.49 Therefore, to examine the selectivity of the ITOs towards target 

DNA, the Tm of the ITO to a complementary oligonucleotide (20 nt), 1 nt mismatch (20 nt), and 

2 nt mismatch (20 nt) was examined. Figure 4-S9 shows that the Tm significantly decreased 

when examining the hybridization of the ITO to the 1 nt mismatch, and a Tm could not be 

determined when hybridizing the [AOIM+]-KRAS [PF6
-], [ABzIM+]-KRAS [Br-], and [ABzIM+]-

KRAS [PF6
-] ITOs to the 2 nt mismatch.  

Background cfDNA in cancer patients is approximately the same length as ctDNA (i.e, 

about 166 bp) and is present in high concentrations, typically 0-1000 ng mL-1 for cancer patients 

 

 

a) b) c) 
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with mutation abundances less than 0.01%.4,8,50 To examine the effect of background DNA on 

the ITO-MIL-DLLME method, stDNA was sheared to around 150 bp and spiked into the 

aqueous sample. stDNA was sheared using a sonication method involving 30 s cycles (30s of 

 

 
Figure 4-7 Standard curves generated using the optimized MIL-DLLME method from 10-fold 

diluted plasma for the (a) [P6,6,6,14
+] [Mn(hfacac)3

-], (b) [N8,8,8,Bz
+][Mn(hfacac)3

-], (c) [N8,8,8,Bz
+] 

[Mn(hfacac)2(Phtfacac)-] MILs as extraction solvents. [P
6,6,6,14

+
] [Mn(hfacac)

3

-
] MIL conditions: 

KRAS template concentration: 2×104 copies µL-1, amount of [AOIM+]-KRAS [PF6
-] ITO relative 

to DNA: 10x, NaCl concentration: 25 mM, sample volume: 1.0 mL, MIL volume: 8 µL; 

extraction time: 3 min. [N8,8,8,Bz
+][Mn(hfacac)3

-] MIL conditions: KRAS template concentration: 

2×104 copies µL-1, amount of [ABzIM+]-KRAS [Br-] ITO relative to DNA: 10x, NaCl 

concentration: 25 mM, sample volume: 1.0 mL, MIL volume: 6 µL: extraction time: 1 min. 

[N8,8,8,Bz
+] [Mn(hfacac)2(Phtfacac)-] MIL conditions: KRAS template concentration: 2×104 copies 

µL-1, amount of [ABzIM+]-KRAS [Br-] ITO relative to DNA: 10x, NaCl concentration: 25 mM, 

sample volume: 1.0 mL, MIL volume: 4 µL; extraction time: 1 min. 

 

of sonication followed by a 30 s rest period) for 1 h and verified by gel electrophoresis, as shown 

in Figure 4-S10a. Figure 4-S10b shows that the Ef did not significantly decrease when 

performing extractions from a sample solution containing 2×104 copies µL-1 of target KRAS and 

1000 ng mL-1 of sheared stDNA (mutation abundance of 0.009%) indicating that clinically-

relevant concentrations of background cfDNA do not have a significant effect on the extraction 

of low-abundance target sequences.  

 

 

a) b) c) 
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4.4 Conclusions 

 Circulating tumor DNA is difficult to isolate due to the presence of SNPs and large 

amounts of background DNA and proteins in human plasma. In this study, three hydrophobic 

MILs were designed and synthesized to function as liquid supports in the capture of the target 

ITO duplex without co-extraction of background DNA or protein. The fine dispersion of MIL 

solvent facilitated the formation of droplets with high surface area to capture the target ITO 

duplex without sedimentation. After collecting the MIL droplets on a magnetic rod, the MILs 

were directly added to qPCR using specially designed buffers that mitigated inhibition from 

MILs during the thermal cycling process. Incorporation of the manganese(II)-based MILs to the 

qPCR buffer did not significantly affect the amplification efficiency even when extractions were 

performed from diluted human plasma, indicating no significant inhibition. Target KRAS DNA 

was preconcentrated from pure water and 10-fold diluted plasma in as little as 1 min using the 

[P6,6,6,14
+][Mn(hfacac)3

-], [N8,8,8,Bz
+][Mn(hfacac)3

-], and [N8,8,8,Bz
+][Mn(hfacac)2(Phtfacac)-] MILs. 

Compared to commercially-available streptavidin magnetic beads, the ITO-MIL-DLLME 

approach using the [N8,8,8,Bz
+][Mn(hfacac)3

-] and [N8,8,8,Bz
+][Mn(hfacac)2(Phtfacac) 

-] MILs 

produced a higher Ef when extracting target DNA from diluted plasma. The magnetic beads were 

unable to selectively preconcentrate target DNA from 10-fold diluted plasma while the ITO-

MIL-ITO procedure maintained selectivity towards the ITO-DNA duplex. The ability of the 

ITO-MIL system to selectively preconcentrate low concentrations of target DNA from diluted 

plasma indicates the promise that the ITO-MIL-DLLME method has in the detection of ctDNA 

fragments from clinical samples.  
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Abstract 

Sequence-specific DNA extractions have the potential to improve the detection of low 

abundance mutations from complex matrices, making them ideal for circulating tumor DNA 

analysis during the early stages of cancer. Ion-tagged oligonucleotides (ITOs) are 

oligonucleotides modified with an allylimidazolium salt via thiolene click chemistry. The 

allylimidazolium-based tag allows the ITO-DNA duplex to be selectively captured by a 

hydrophobic magnetic ionic liquid (MIL). In this study, the selectivity of the ITO-MIL method 

was examined by extracting low abundance of the BRAF V600E mutation – a common single-

nucleotide polymorphism associated with several different cancers – from diluted human plasma, 

artificial urine, and diluted artificial sputum. Quantitative polymerase chain reaction (qPCR) was 

not able to distinguish a 9% BRAF V600E standard (50 fg·µL-1 BRAF V600E, 500 fg·µL-1 wild-

type  BRAF) from the 100% wild-type BRAF (50 fg·µL-1) standard. However, introducing the 

ITO-MIL extraction prior to qPCR allowed for samples consisting of 0.1% BRAF V600E (50 

fg·µL-1 V600E BRAF, 50,000 fg·µL-1 wild-type  BRAF to be distinguished from the 100% wild-

type BRAF standard.  
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5.1 Introduction 

 Cancer biomarkers can play several vital roles in patient care. Detection of tumor DNA 

can aid in diagnosis and provide information on patient prognosis.1 Additionally, these 

biomarkers can help predict the success of specific cancer treatments and lead to personalized 

therapies.2,3 Mutations in the BRAF gene are prominent in several cancers, including colorectal 

cancer, breast cancer, melanoma, lung cancer, and papillary thyroid cancer.4,5 The BRAF V600E 

mutation, in particular, has been linked to poor survival and recurrence rates.6 Tissue biopsies are 

the gold standard for cancer diagnosis but are highly invasive. The invasive nature of tissue 

biopsies makes it challenging to continuously monitor disease progression. Liquid biopsies are a 

potential alternative to tissue biopsies that involve non-invasively sampling circulating tumor 

DNA (ctDNA) from blood, urine, or sputum.7,8 However, during the early stages of cancer, there 

is a low abundance of somatic mutations relative to wild-type (WT) DNA, making them 

challenging to detect.9 Current ctDNA detection methods often rely on polymerase chain 

reaction (PCR). However, amplification of low abundance mutations poses a problem as the 

target sequence can be masked, resulting in preferential amplification of high abundance single-

nucleotide polymorphisms (SNPs). Selective amplification of target sequences can be done using 

clamping probes to prevent elongation of the WT fragment10 or careful optimization of the 

annealing temperature to ensure that allele-specific primers anneal to the target sequence.11 

However, these methods can be challenging to optimize, expensive, and may not work for all 

mutations.12-14 

Sequence-specific DNA extractions are a potential supplement to selective amplification 

methods. In this approach, modified oligonucleotides anneal to the target via Watson-Crick base 

pairing and are captured by a solid sorbent, such as streptavidin-coated magnetic beads.15,16 
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However, solid particles can aggregate, resulting in reduced surface area to extract nucleic acids. 

A novel extraction method utilizes ion-tagged oligonucleotides (ITOs) and magnetic ionic 

liquids (MILs) to selectively preconcentrate target DNA.17 Similar to ionic liquids (ILs), MILs 

exhibit advantageous properties, such as high thermal stabilities, negligible vapor pressures, and 

tunable solvation properties.18-22 A prominent feature of MILs is the paramagnetic component 

within the chemical structure, allowing the insoluble solvent to respond to an external magnet. 

The paramagnetic component of the MIL also appears to play a role in the amount of DNA the 

MIL can extract, with manganese(II)-based MILs often exhibiting inferior DNA extraction 

capabilities compared to nickel(II)-based MILs.23-24 ITOs are synthesized via a thiolene click 

reaction between a thiolated oligonucleotide and an allylimidazolium salt. The imidazolium-

modified oligonucleotides are designed to anneal to target DNA and interact with MILs through 

hydrophobic, π-π stacking, and fluorophillic interactions.25 Previous studies have reported that 

the ITO-MIL method can selectively extract DNA from a plant cell lysate, bacteria cell lysate, 

diluted plasma, diluted whole blood, and saline.17,26-28 Another advantage of MILs compared to 

solid sorbents is their ability to be PCR compatible.23,29,30 DNA-enriched MILs can be integrated 

into custom-designed PCR buffers where DNA is thermally desorbed during the reaction to 

significantly improve sample throughput.  

In this study, the selectivity of the ITO-MIL method was investigated by extracting low 

abundance of the BRAF V600E mutation from several complex matrices. The annealing 

temperature of the ITO to the target DNA was carefully optimized to minimize co-extraction of 

WT BRAF in 25 mM NaCl, artificial urine, 2-fold diluted artificial sputum, and 4-fold diluted 

human plasma. Hydrolysis probes were employed to simultaneously monitor the amplification of 

WT BRAF and BRAF  V600E. K-means clustering was used to determine whether extractions 
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using the ITOs could be statistically distinguished from the standards. Using the ITO-MIL 

method, 0.1-0.5% BRAF V600E could be distinguished from the 100% WT BRAF standard 

depending on the complex matrix with limited co-extraction of PCR inhibitors. Without 

employing the ITO-MIL extraction method, the 9% BRAF V600E standards could not be 

statistically distinguished from the 100% WT BRAF DNA. The ITO-MIL extraction method was 

also capable of selectively isolating fragmented BRAF V600E DNA from 25 mM NaCl, artificial 

urine, 2-fold diluted artificial sputum, and 4-fold diluted human plasma. The ability of the ITO-

MIL method to selectively extract fragmented DNA from complex matrices suggests that this 

method has potential in clinical applications to improve the sensitivity of detecting low 

abundance mutations. 

5.2 Materials and Methods 

5.2.1 Reagents and Materials 

Creatinine (99+%), manganese(II) chloride tetrahydrate (99+%), trioctylamine (97%) and 

1,1,1,5,5,5-hexafluoroacetylacetone (99%) were purchased from Acros Organics (Morris Plains, 

NJ, USA).  Anhydrous diethyl ether (99.0%) was purchased from Avantor Performance 

Materials Inc. (Center Valley, PA, USA). Difco vitamin assay casamino acids were purchased 

from BD (Franklin Lakes, NJ, USA). Trihexyl(tetradecyl)phosphonium chloride (97.7%) was 

purchased from Strem Chemicals (Newburyport, MA, USA). Ethylenediaminetetraacetic acid 

(EDTA) (99.4-100.06%), allyl bromide, 1-bromooctane (99%), benzylimidazole (99%), 

triethylamine (≥99.5%), LC-MS grade acetonitrile (≥99.9%), mucin from porcine stomach type 

(II), magnesium chloride hexahydrate (99.0-102.0%), and salmon testes DNA (~20 Kbp) were 

purchased from Sigma-Aldrich (St. Louis, MO, USA). SYBR Green I (10,000x) was purchased 

from Life Technologies (Carlsbad, CA, USA). Urea (>99%) and tris(2-carboxyethyl)phosphine 
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(TCEP) (>98%) were purchased from P212121 (Ypsilanti, MI, USA). Ammonium persulfate 

(APS) (≥98.0%), SSO Advanced Universal Supermix, and 40% acrylamide, bis-acrylamide 

solution 29:1 were purchased from Bio-Rad Laboratories (Hercules, CA, USA). Ammonium 

hydroxide (28-30% solution in water), PCR caps, tube strips, potassium chloride (99.70%), 

potassium phosphate monobasic (100%), sodium chloride (100.3%), sodium phosphate dibasic 

(99.8%), Taqman Universal master mix were purchased from Thermo Fisher Scientific 

(Waltham, MA, USA). Diethylene triamine pentaacetic acid (>98.0%) was purchased from TCI 

(Tokyo, Japan). Tris base and tris-HCl was purchased from RPI (Mount Prospect, IL, USA). 

Apheresis derived pooled human plasma (Na2EDTA anticoagulant) was obtained from 

Innovative Research (Novi, MI, USA). All oligonucleotides (sequences shown in Table S1) were 

purchased from Integrated DNA Technologies (Coralville, IA, USA). A neodymium rod magnet 

(0.66 T) was purchased from K&J Magnetics (Pipersville, PA, USA) and used to collect 

dispersed MIL droplets or magnetic beads. Deionized water (18.2 MΩ cm), obtained from a 

Milli-Q water purification system, was used to prepare all aqueous solutions (Millipore, Bedford, 

MA, USA).  

A 3.9 Kbp plasmid from Eurofin Genomics containing either a 210 WT BRAF or 210  

BRAF V600E insert (sequences listed in Table 5-S1) was individually amplified using PCR. The 

PCR products were subsequently separated on a 1% agarose gel. Amplified DNA was recovered 

from the gel using the QIAquick Gel Extraction kit (Qiagen, Hilden, Germany) according to the 

manufacturer’s instructions. Purified DNA was quantified using a NanoDrop 2000c 

spectrophotometer (Thermo Scientific, Waltham, MA, USA).  
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5.2.2 MIL and ITO synthesis 

Chemical structures of the two MILs used in this study are shown in Fig. 5-1 (1-2). The 

MILs were synthesized and purified as previously reported.28,31 The MIL solvents were stored in 

a desiccator at room temperature when not in use. Chemical structures of the two ITOs used in 

this study are shown in Fig. 5-1 (3-4). ITOs were prepared according to previously reported  

 

Figure 5-1 Chemical structures of the manganese(II)-based hydrophobic MILs (1-2) and octyl- 

and benzyl-imidazolium-based ITO (3-4) structures used within this study. 

 

methods.17,25 All ITOs were characterized using HPLC-TOF-MS; the theoretical and observed 

mass to charge ratios of the ITOs are shown in Table S2. 

5.2.3 Preparation of Artificial Matrices 

The artificial plasma solution was prepared as described by Przondziono et al.32 Briefly, 

0.68 g NaCl, 0.02 g CaCl2, 0.04 g KCl, 0.01 g MgSO4, 0.22 g NaHCO3, 0.0126 g Na2HPO4, and 

0.0026 g NaH2PO4 was dissolved in a 100 mL volumetric flask. The artificial urine was prepared  
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by dissolving 1.9820 g urea, 0.7013 g NaCl, 0.2218 g M KH2PO4, 0.0568 g Na2HPO4, and 

0.1697 g creatinine in a 100 mL volumetric flask.33 

Artificial sputum was prepared as described by Varona et al.34 Briefly, 0.5 g of mucin, 

0.4 g salmon testes DNA, 0.59 mg of diethyl triamine pentaacetic acid, 0.5 g NaCl, 0.22 g of 

KCl, and 0.181 g of Tris-base was dissolved in 80 mL of water in a volumetric flask. Once 

dissolved, 0.5 g of casamino acids were added. The pH was adjusted to 7.0, and the solution 

volume was brought to 100 mL. The solution was autoclaved prior to the addition of 0.5 mL of 

egg yolk emulsion to the mixture.  

5.2.4 Annealing and Capture of Target DNA 

The general procedure used to anneal the ITO to BRAF V600E DNA and its subsequent 

extraction is shown in Fig. 5-2. Extraction conditions were modified from Emaus et al.28 A 1 mL  

 

Figure 5-2 Schematic describing the sequence-specific extraction of BRAF V600E DNA using 

MILs and ITOs. 

sample containing 50 fg·µL-1 of BRAF V600E DNA, 50-50,000 fg·µL-1 WT BRAF DNA, and 

178 pg·µL-1 of either the [AOIM+]-BRAF [PF6
-] or [ABzIM+]-BRAF [Br-] ITO was prepared in a 

5 mL screw cap glass vial. The sample was heated to 90°C using a Fisher Isotemp 2322 water 

bath (Rochester, MN, USA) for 2 min to denature the DNA duplex and then cooled at an 

optimized annealing temperature for 8 min. Immediately following the annealing step, 6 µL of 

the [P6,6,6,14
+][Mn(hfacac)3

-] or 8 µL of the [N8,8,8,Bz
+][Mn(hfacac)3

-] MIL was dispersed for 2 min 

or 1 min, respectively, using a Barnstead/Thermolyne Type 16700 mixer (Dubuque, IA, USA). 
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Extractions using the [P6,6,6,14
+][Mn(hfacac)3

-] MIL utilized the [AOIM+]-BRAF [PF6
-] ITO, and 

extractions with the [N8,8,8,Bz
+][Mn(hfacac)3

-] MIL used the [ABzIM+]-BRAF [Br-] ITO. The 25 

mM NaCl, artificial urine, and 4-fold diluted human plasma sample matrices contained 5% 

DMSO to lower the annealing temperature. Extractions from 2-fold diluted artificial sputum only 

required a 30 s dispersion step due to the high solubility of the MILs in the artificial sputum 

matrix. DNA-enriched MIL droplets were collected using a rod magnet (B = 0.66 T) and 

subsequently washed with deionized water (18.2 MΩ cm). A 0.3 µL aliquot of DNA-enriched 

MIL was placed in a quantitative PCR (qPCR) tube for downstream analysis. All extractions 

were performed in triplicate. 

5.2.5 qPCR Amplification 

Standard reactions were performed using the following buffer: 1x Taqman Universal 

Master Mix, 1 µM forward BRAF primer, 1 µM reverse BRAF primer, 150 nM V600E BRAF 

probe, 75 nM WT BRAF probe. The addition of 0.3 µL [P6,6,6,14
+][Mn(hfacac)3

-] MIL to a 20 µL 

qPCR mixture required 1x Taqman Universal Master Mix, 1 µM forward BRAF primer, 1 µM 

reverse BRAF primer, 150 nM V600E BRAF probe, 75 nM WT BRAF probe, 6 mM EDTA, and 

2.5 mM MgCl2. Amplification with 0.3 µL of the [N8,8,8,Bz
+][Mn(hfacac)3

-] MIL was achieved 

using the 1x Taqman Universal Master Mix, 1 µM forward BRAF primer, 1 µM reverse BRAF 

primer, 150 nM V600E BRAF probe, 75 nM WT BRAF probe, 4 mM EDTA, and 2.5 mM MgCl2 

for a final volume of 20 µL. 

A Bio-Rad CFX96 Touch Real-time PCR (Hercules, CA, USA) was utilized for qPCR 

amplification. Amplification of standards and reactions containing the [P6,6,6,14
+][Mn(hfacac)3

-] 

MIL used the following program: 10 min initial denaturation at 95°C followed by 40 cycles 

comprised of a  15 s denaturing step at 95°C, a 60 s annealing step at 61°C, and an optical 
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detection step. Reactions containing 0.3 µL of the [N8,8,8,Bz
+][Mn(hfacac)3

-] MIL required an 

annealing temperature of 60°C to discriminate between the WT and BRAF V600E sequences.  

Single-stranded BRAF V600E DNA was generated using asymmetric PCR.35 A  PCR 

buffer consisting of 1x SSO Universal Supermix, 1 µM reverse BRAF primer, 10 nM forward 

BRAF primer was used to preferentially amplify the sense strand. A 1:100 forward to reverse 

primer ratio was used to preferentially amplify one of the DNA strands, as described in Podar et 

al.35 PCR product was separated on a 1% agarose gel and isolated using the QIAquick Gel 

Extraction kit. The annealing temperature of the ITO to ssDNA was determined using an initial 5 

min denaturation step at 90°C, followed by a 10 min annealing step at 20°C, and a ramp from 

20°C for 5 s and increasing to 95°C in 0.5°C increments. 

The threshold cycle (Cq) and endpoint fluorescence signal were determined using the 

fluorescence threshold provided by the Bio-Rad CFX Maestro software and used to determine 

the amount of the BRAF V600E-ITO duplex extracted by the hydrophobic MIL. Standard curves 

were constructed for the V600E and WT BRAF template (see Fig. 5-S1). Discrimination between 

the WT and BRAF V600E DNA was determined using the Bio-Rad CFX Maestro software, and 

allelic discrimination plots were developed using the endpoint fluorescence signals (see Fig. 5-

S2). 

5.2.6 HPLC Conditions 

HPLC separations of sheared DNA were performed on an LC-20A liquid chromatograph 

(Shimadzu, Japan) consisting of two LC-20AT pumps, a SPD-20 UV-vis detector, and a DGU-

20A3 degasser. A 35 mm × 4.6 mm i.d. × 2.5 µm TSKgel DEAE-NPR anion exchange column 

with a 5 mm × 4.6 mm i.d. × 5 µm TSKgel DEAE-NPR guard column was obtained from Tosoh 

Bioscience (King of Prussia, PA, USA). The column was initially equilibrated with mobile phase 
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A (20 mM Tris-HCl, pH 8) for 20 min followed by gradient elution from 0% to 60% mobile 

phase B (20 mM Tris-HCl, 1 M NaCl, pH 8) over 10 min. A flow rate of 0.5 mL·min−1 was used 

for all HPLC separations, and DNA was detected at 260 nm. 

5.2.7 Statistical Analysis 

K-means clustering was used to determine if the extractions could be distinguished from 

the 100% WT BRAF standards using the HEX and FAM endpoint signals. These calculations 

were done by determining the centroid for each triplicate. The sum of square differences was 

calculated to determine the distance of a data point to the centroid of the standard and extraction 

triplicates. Data points were then assigned clusters based on the shortest distance to the centroid. 

The Student t-test was performed to determine if there was a statistical difference between the 

Cq values associated with extractions of different concentrations of BRAF V600E DNA. 

Probability values (p-values) were determined from the t-test results, and a significance level of 

0.05 was chosen. Therefore, if the p-value is less than 0.05, the two data sets were considered 

statistically different. 

5.3 Results and Discussion 

5.3.1 Annealing temperature of the ITO to the target DNA 

 Selective extraction of DNA is dependent on the ability of the ITO to anneal to 

complementary DNA. However, the sample matrix can significantly influence the annealing 

temperature.36,37 Therefore, the annealing temperature must be carefully optimized for the 

desired sequence and sample matrix. Melt curves of the ITO to single-stranded BRAF V600E 

DNA were developed in 25 mM NaCl, 4-fold diluted artificial plasma salts, artificial urine, and 

2-fold diluted artificial sputum salts, as shown in Fig. 5-3. Melt curves generated in the artificial 

sputum  
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Figure 5-3 Melt curves of single-stranded BRAF V600E DNA to the complementary ITO in 

(yellow) 25 mM NaCl, (blue) 4-fold diluted plasma salt solution, (gray) artifical urine, and 

(orange) 2-fold diluted artifical sputum salt solution. 

were generated without salmon testes DNA, mucins, and egg yolk emulsion in solution. The 

peak of the melt curve indicates the temperature at which 50% of the DNA is not annealed to the 

ITO. At temperatures higher than the peak, the ITO will poorly anneal to the target DNA, and 

DNA will be poorly extracted. 

The most critical step to selectively extract a mutant SNP is the optimization of the 

annealing step. When the annealing temperature was too high, a low amount of both DNA 

sequences was detected, suggesting that the ITO was not annealing to the target (see Fig. 5-S3a). 

Conversely, when the annealing temperature was too low, a large amount of WT BRAF was 

detected compared to the mutant target, as shown in Fig. 5-S3b. The optimized annealing 

temperature was determined to be the temperature at which the lowest signal of WT BRAF was 

detected, as shown in Fig. 5-S3c. Using melt curves as a guide, the annealing temperature for 

each matrix was optimized by performing extractions with annealing temperatures from 35-

60°C. The annealing temperature was optimized to 45°C for 25 mM NaCl, 40°C for 4-fold 

diluted plasma, 57°C for artificial urine, and 57°C for 2-fold diluted artificial sputum when 

performing extractions with either the [AOIM+]-BRAF or [ABzIM+]-BRAF ITOs.  
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5.3.2 Selectivity of the ITO-MIL-DLLME Method 

 Extractions of 0.1, 0.2, 0.5, 0.9, 9, 20, 33.3, and 50% BRAF V600E DNA (50 fg·µL-1 

BRAF  V600E, 50-50,000 fg·µL-1 WT BRAF) were performed to evaluate the ability of the ITO-

MIL procedure to extract a low abundance mutation from a complex matrix. Cluster plots were 

developed by plotting the endpoint fluorescence signals from the HEX and FAM probes from 

each reaction, as shown in Fig. 5-4. Standard reactions containing less than 9% of BRAF V600E 

mutant could not be distinguished from the 100% WT BRAF standard by K-means clustering. 

However, the ITO-MIL extraction could distinguish as little as 0.1% BRAF V600E mutant with 

the [N8,8,8,Bz
+][Mn(hfacac)3

-] MIL in 2-fold diluted artificial sputum. As little as 0.2% and 0.5% 

BRAF V600E mutant could be distinguished from the 100% WT BRAF standard when 

performing extractions from artificial urine and 25 mM NaCl, respectively, using the 

[N8,8,8,Bz
+][Mn(hfacac)3

-] MIL. In comparison, the [P6,6,6,14
+][Mn(hfacac)3

-] MIL was able to 

selectively preconcentrate sufficient mutant DNA to distinguish the ITO-MIL extraction from a 

100% WT standard in solution comprised of 0.2%, 0.5%, 0.9%  BRAF V600E in 2-fold diluted 

artificial sputum, 25 mM NaCl, artificial urine, respectively. Results from K-means clustering 

also correlate with threshold cycles achieved after performing the ITO-MIL extraction (see Fig. 

5-S4). Once the 100% WT BRAF standard could no longer be distinguished from the extraction 

by K-means clustering, the Cq values associated with the low abundance BRAF V600E mutant 

extraction were significantly higher (p < 0.05) compared to the 50% BRAF V600E extraction 

from the same matrix. 
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Figure 5-4 Cluster plots of endpoint fluorescence signals from the FAM and HEX probes from 

the extraction of 50% (orange), 33.3% (violet), 20% (green), 9.9% (red), 0.9% (light blue), 0.5% 

(dark blue), 0.2% (pink), and 0.1% (grey) BRAF V600E mutant DNA along with (bright green) 

100% WT BRAF and (royal blue) 100% V600E BRAF standards. 
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It was observed that the ITO-MIL extraction with 178 pg·µL-1 ITO struggled to 

selectively preconcentrate the mutant BRAF fragment from 4-fold diluted human plasma 

compared to the other sample matrices. It was hypothesized that the ITO might adsorb to protein 

components of the plasma matrix.38  To test this, the concentration of ITO was optimized, as 

shown in Fig. 5-S4. It was found that 356 pg·µL-1 [AOIM+]-BRAF or [ABzIM+]-BRAF ITO was 

ideal for performing extractions in 4-fold diluted plasma. Ultimately, using both MILs 

extractions of 0.2% V600E BRAF could be distinguished from the 100% WT BRAF standard by 

K-means clustering when 356 pg·µL-1 of ITO was used, as shown in Fig. 5-5. Similar to previous 

results with other matrices, the Cq values associated with the extraction of 0.1% BRAF 

V600E mutant DNA from diluted plasma were significantly higher based on the Student t-test 

compared to extractions above 0.2% BRAF V600E mutant  (see Fig. 5-S5). 

 Degradation of ctDNA is rapid with a half-life ranging from 16 min to 2.5 h in blood and 

2.6 h to 5.1 h in urine.39,40 Recent studies have reported cell-free DNA in cancer patients to be  

 

 
Figure 5-5 Cluster plots developed from the endpoint FAM and HEX signals after extracting 

target DNA from 4-fold diluted human plasma samples after optimization of the ITO amount 

consisting of 50% (orange), 33.3% (violet), 20% (green), 9.9% (red), 0.9% (light blue), 0.5% 

(dark blue), 0.2% (pink), and 0.1% (grey) BRAF V600E mutant DNA along with (bright green) 

100% WT BRAF and (royal blue) 100% V600E BRAF standards.  
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Figure 5-6 Cluster plots of the endpoint fluorescence signals corresponding to the FAM and 

HEX probes after the amplification and extraction of samples containing 50% (orange), 33.3% 

(violet), 20% (green), 9.9% (red), 0.9% (light blue) BRAF V600E mutant along with (bright 

green) 100% WT BRAF and (royal blue) 100% V600E BRAF standards after 30 min of shearing 

via sonication. 
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shorter than 145 bp.41,42 Therefore, ITO-MIL extraction was applied to sheared DNA to evaluate 

the efficiency of the extraction with highly fragmented DNA. Plasmids containing the BRAF 

V600E and WT BRAF sequences were sheared for 30 min via sonication, and fragmentation was 

confirmed via anion exchange chromatography, as shown in Fig. 5-S6. Extractions from 0.9, 9, 

20, 33, and 50% sheared BRAF V600E DNA were performed, and the BRAF V600E mutant was 

still preferentially extracted, as shown in Fig. 5-6. This preferential extraction suggests that the 

ITO-MIL method can be applied to fragmented DNA to selectively preconcentrate target DNA.  

 The selectivity of the optimized ITO-MIL method was compared to reported sequence-

specific PCR methods for the detection of BRAF V600E mutant (Table 5-1). The selectivity of 

the ITO-MIL method outperformed sequence-specific amplification methods such as co-

amplification at lower denaturation temperature (COLD) and was comparable to amplification 

refractory mutation system (ARMS) PCR. Clamping methods significantly outperformed the 

ITO-MIL  extraction. However, the advantage of the ITO-MIL method originates from the rapid 

and selective extraction directly from complex matrices like artificial sputum and human plasma. 

For example, Mancini et al. utilized a QiaAMP spin column kit (Qiagen, Hilden Germany) that 

takes approximately 40-60 min to extract DNA.43 In contrast, the ITO-MIL method required as 

little as 11 min. However, during early stages of cancer, the mutation abundance can be less than 

0.01% suggesting that even lower detection limits are required.9 Coupling the ITO-MIL method 

with a PCR clamp (i.e., locked nucleic acid or peptide nucleic acid) specific to WT BRAF could 

further lower detection limits of low abundance target, allowing for better detection of ctDNA 

biomarkers during the early stages of cancer.  
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Table 5-1 Comparison of the ITO-MIL method for BRAF V600E mutation to other sequence-

specific DNA amplification techniques reported in literature. 

Extraction 

Method 

Sample Matrix Type of PCR 

amplification 

Sensitivity Reference 

ITO-MIL Plasma, artificial urine, 

artificial sputum 

qPCR 0.1-0.5% This 

method 

QiaAMP DNA 

Blood Mini Kit 

FFPEa blocks from 

metastatic colorectal 

carcinoma patients 

LNAb/DNA-

Clamp PCR 

0.01% [2] 

QiaAMP DNA 

Blood Mini Kit 

Sporadic colorectal cancer 

tissue samples 

COLDc-PCR 0.8% [43] 

ZR genomic 

DNA I kit 

Thyroid tumor samples ARMSd-PCR 0.5% [44] 

QiaAMP DNA 

FFPE Tissue Kit 

Paraffin-embedded 

melanoma samples 

RFLPe-ARMS-

qPCR 

0.1% [45] 

a Formalin-fixed, paraffin-embedded tissue (FFPE) 
b Locked nucleic acid (LNA) 
c Co-amplification at lower denaturation temperature (COLD) 
d Amplification refractory mutation system (ARMS) 
e Restriction fragment length polymorphism (RFLP) 

 

5.3.3 Evaluation of PCR inhibitor Co-extraction 

 Matrices such as urine, plasma, and sputum contain several PCR inhibitors, including 

urea and IgG.46 Therefore, the amplification efficiency of the reaction was calculated from 

standard curves developed by extracting different concentrations of BRAF V600E and WT BRAF 

(50% BRAF V600E) DNA. Standard curves for BRAF V600E were generated, as shown in Fig. 

5-S7, as the mutant fragment was selectively extracted. The amplification efficiency ranged 

between 90-110% in all six standard curves. This suggests that  DNA was successfully 

duplicated with each cycle, and limited amounts of PCR inhibitors were co-extracted by the 

manganese(II)-based MILs during the dispersive extraction despite the complex and diverse 

nature of the plasma, artificial urine, and artificial sputum sample matrices.  

 



www.manaraa.com

113 

 

5.4 Conclusions 

 By carefully optimizing the annealing temperature, the co-extraction of WT BRAF could 

be minimized while permitting the ITO-DNA duplex to be captured by the MIL. Introducing the 

ITO-MIL extraction improved the sensitivity over 10-fold and allowed for the detection of 0.1% 

BRAF V600E mutant DNA in 2-fold diluted artificial sputum. Sensitivities as low as 0.2%, 0.2%, 

and 0.5% were reported while extracting  the BRAF V600E mutant in human plasma, artificial 

urine, and 25 mM NaCl, respectively. Selectivity was maintained when performing extractions 

from sheared plasmids containing WT and BRAF V600E inserts. The ability of the ITO-MIL 

extraction method to selectively preconcentrate low abundance, fragmented DNA from complex 

matrices has potential in the field of ctDNA analysis where non-invasive sampling is highly 

desired. 
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Abstract 

 Conventional DNA sample preparation methods involve tedious sample handling steps 

that require numerous inhibitors of the polymerase chain reaction (PCR) and instrumentation to 

implement. These disadvantages limit the applicability of conventional cell lysis and DNA 

extraction methods in high throughput applications, particularly in forensics and clinical 

laboratories. To overcome these drawbacks, a series of nine hydrophobic magnetic ionic liquids 

(MILs) previously shown to preconcentrate DNA were explored as cell lysis reagents. The MILs 

were found to lyse white blood cells from whole blood, 2-fold diluted blood, and dry blood 

samples while simultaneously extracting human genomic DNA. The identity of metal ion 

incorporated within the MIL appears to cause hemolysis while the cationic component further 

reduces the cell’s integrity. Over 500 pg of human genomic DNA was isolated from 50 µL of 

whole blood using the trioctylbenzylammonium tris(hexafluoroacetylaceto)nickelate(II) 

([N8,8,8,Bz
+][Ni(hfacac)3

-]) MIL and 800 pg DNA was isolated from a dry blood samples using the 

trihexyl(tetradecyl)phosphonium tris(phenyltrifluoroacetylaceto)nickelate(II) 

([P6,6,6,14
+][Ni(Phfacac)3

-]) MIL following a 1 min vortex step. A rapid, one-step cell lysis and 

DNA extraction from blood is ideal for settings that seek high-throughput analysis while 

minimizing the potential for contamination. 
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6.1 Introduction 

 Genomic DNA analysis from blood samples is highly important in forensic and clinical 

applications. Nucleic acid (NA) testing protocols for human immunodeficiency virus (HIV) and 

hepatitis B virus (HBV) target human genomic DNA, as the virus integrates genomic 

information into the host’s white blood cells (WBCs).1-3 These NA tests are capable of detecting 

the virus prior to antibody formation and are necessary to rapidly screen blood and organ 

donations. However, according to the American Red Cross, conventional NA tests for viruses 

require greater technical skill and expensive equipment compared to antibody testing. In 

addition, the isolation of human genomic DNA is commonly during investigations to determine 

the source of a bloodstain. In both forensic and clinical applications, there is a great need to 

rapidly analyze DNA from blood. Sample preparation is often considered an overlooked 

bottleneck in NA analysis as poor cell lysis and DNA extraction often limits the sensitivity of 

bioassays. Therefore, the development of highly efficient yet simple lysis and DNA extraction 

procedures are needed.  

The separation of WBCs from red blood cells (RBCs) through mechanical or chemical 

means (i.g., centrifugation or selective red blood cell lysis) is often the first step in sampling NAs 

from whole blood due to the low abundance of WBCs.4,5 Despite improved sensitivity, the 

isolation of WBCs is challenging and time-consuming. Therefore, interest exists in extracting 

NAs from whole blood to enhance sample throughput. Conventional methods for chemical cell 

lysis involve detergents, such as Triton X-100, to solubilize the cell membrane and release 

intracellular components.6 Despite being cheap and simple to implement, chemical lysis methods 

typically require additional purification steps as the lysis reagent often inhibit downstream 

detection.7.8 A recent advancement in the chemical lysis of cells involves the use of ionic liquids 
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(ILs) to lyse gram-positive and gram-negative cells, as well as viruses.9-11 ILs are molten salts 

with melting points below 100 °C that exhibit a number of unique physiochemical properties.12,13  

Although ILs are effective at lysing cells, ILs often inhibit downstream detection. This often 

necessitates the dilution of their lysate and the amount of purified DNA prior to analysis by 

quantitative polymerase chain reaction (qPCR).  

 Human genomic DNA extractions from blood generally involve alkaline extraction, 

phenol-chloroform extraction, or spin column-based extraction.6,14 These methods utilize large 

volumes of toxic organic solvents and require numerous time-consuming sample handling steps 

which limit their applicability. In particular, phenol and chloroform are known carcinogens and 

harmful towards the environment and their use, therefore, should be minimized. Methods 

involving simultaneous cell lysis and DNA extraction have reported a reduction in the number of 

sample handling steps. Nanayakkara et al. investigated chitosan microparticles in the lysis of 

WBCs via bead beating.15 Bead beating is a common mechanical cell lysis method that imparts 

mechanical shear to the cells.6,16 The chitosan-modified microparticles were simultaneously used 

to extract genomic DNA through electrostatic interactions. To improve sample throughput, the 

modified magnetic beads were added directly into the reaction buffer. However, the chitosan-

microparticles were observed to significantly inhibit qPCR, limiting the sensitivity of the 

extraction method.17 

 Magnetic ionic liquids (MILs) have been shown to efficiently extract DNA from a 

number of complex matrices.18-20 MILs are a subclass of ILs that contain a paramagnetic 

component in either the cation or anion allowing the solvent to respond to an external magnet, 

while still possessing similar physiochemical properties to ILs.21-23 In addition, MILs can be 

designed to be qPCR compatible, permitting DNA-enriched MILs to be integrated into custom-
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designed qPCR buffers to efficiently desorb DNA during amplification.24-26 Thermal desorption 

during PCR has been shown to reduce the overall sample preparation time without impacting the 

efficiency of the reaction. However, the performance of  DNA extraction is often secondary to 

the lysis efficiency, as poor lysis efficiencies limit the availability of DNA to extract. 

In this study, a series of nine MILs were investigated as cell lysis agents. The hydrophobic 

MIL was dispersed in whole blood facilitating the lysis of WBCs, while simultaneously 

extracting human genomic DNA. The type of ligand, metal, and cation was found to play an 

important role in the amount of DNA extracted as well as the lysis efficiency. MILs containing a 

Ni(II) metal center and aromatic moieties in either the cationic component or ligand were found 

to exhibit superior extraction of human genomic DNA. However, MILs containing the Dy(III) or 

Gd(III) metal centers extracted significantly more DNA when the MIL is dispersed in blood 

compared to Tris buffer, suggesting that they are efficient at lysing cells but not extracting DNA. 

It was found that over 500 pg and 800 pg of genomic DNA was extracted from 50 µL whole 

blood and dried bloodstains, respectively, using MILs after only a 1 min vortex step. In 

comparison, commercial spin-column kits required a much longer extraction procedure of over 

60 min. Integrating MILs into the qPCR buffer for thermal desorption did not have a deleterious 

effect on the amplification efficiency but greatly improved sample throughput. These results 

suggest that MILs are highly effective at rapidly lysing white blood cells and simultaneously 

extracting DNA for downstream analysis.  

6.2 Methods and Materials  

Ammonium hydroxide (28-30% solution in water), 1,1,1,5,5,5-hexafluoroacetylacetone 

(99%), and 1-phenyl-4,4,4-trifluoro-1,3-butanedione (99%) was purchased from Alfa Aesar 

(Ward Hill, MA, USA). Anhydrous diethyl ether (99.0%) was purchased from Avantor 
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Performance Materials Inc. (Center Valley, PA, USA). The 1-methyl-3-octylimidazolium 

bromide (99%) ([OMIM+][Br-]) IL was purchased from IoLITec (Tuscaloosa, AL, USA). 

Gadolinium(III) chloride hexahydrate (99.9%) and 1-tetradecanol (97%) was purchased from 

Beantown Chemicals (Hudson, NH, USA). Trihexyl(tetradecyl)phosphonium ([P6,6,6,14
+]) 

chloride (97.7%) and dysprosium(III) chloride hexahydrate (99.9%) were purchased from Strem 

Chemicals (Newburyport, MA, USA). Ethylenediaminetetraacetic acid (EDTA) (99.4-100.06%), 

magnesium chloride hexahydrate (99.0-102.0%), lithium bis[(trifluoromethyl)sulfonyl]imide 

([Li+][NTf2
-]), cobalt chloride (97%), benzenesulfonyl chloride (99%), bovine serum albumin 

(BSA) (≥96%), deoxyribonucleic acid sodium salt from salmon testes (20, 000 bp), Wright stain 

solution, LC-MS grade acetonitrile (ACN) (≥99.9%), 1-methylimidzaole (99%), and LC-MS 

grade methanol (≥99.8%) were purchased from MilliporeSigma (St. Louis, MO, USA). SYBR 

Green I (10,000x) was purchased from Life Technologies (Carlsbad, CA, USA). Proteinase K 

was purchased from New England Biolabs (Ipswich, MA, USA). Agarose and 

Tris(hydroxymethyl)aminomethane (Tris) hydrochloride (HCl) were purchased from P212121 

(Ypsilanti, MI, USA). SsoAdvanced Universal SYBR Green Supermix (2x) was purchased from 

Bio-Rad Laboratories (Hercules, CA, USA). Primers (see Table S1) were purchased from 

Integrated DNA Technologies (Coralville, IA, USA). Modified plasmids (3.9 Kbp) containing a 

210 bp insert (see Table 6-S1) were obtained from Eurofin Genomics (Louisville, KY, USA). 

PCR caps, tube strips, potassium chloride (99.7%),  sodium phosphate dibasic anhydrous 

(99.8%), potassium phosphate monobasic (100.0%), dimethylsulfoxide (DMSO) (>99.7%), 

nickel chloride (98%), pyridine (99.9%), 1,1,1-trifluoro-2,4-pentadione (98%), sodium chloride, 

fresh human whole blood, frosted glass slides, and P5 grade filter paper were purchased from 

Fisher Scientific (Waltham, MA, USA). Neodymium magnets (0.2 T) were purchased from K&J 
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Magnetics (Pipersville, PA, USA). Deionized water (18.2 MΩ cm), obtained from a Milli-Q 

water purification system, was used to prepare all aqueous solutions (Millipore, Bedford, MA, 

USA).  

6.2.1 Magnetic Ionic Liquid and Ionic Liquid Synthesis 

The structures of the MILs used in this study are shown in Figure 6-1. The [P6,6,6,14
+] 

tris(hexafluoroacetylaceto)nickelate(II) ([Ni(hfacac)3
-]), [P6,6,6,14

+] 

tris(hexafluoroacetylaceto)colbaltate(II) ([Co(hfacac)3
-]), [P6,6,6,14

+] 

tetrakis(hexafluoroacetylaceto)dysprosate(III)  ([Dy(hfacac)4
-]), [P6,6,6,14

+] 

tetrakis(hexafluoroacetylaceto)gadolinate(III) ([Gd(hfacac)4
-]), [P6,6,6,14

+] 

tris(phenyltrifluoroacetylaceto)nickelate(II) ([Ni(Phtfacac)3
-]), [P6,6,6,14

+] tris(1,1,1-

trifluoroacetylacetylaceto)nickelate(II) ([Ni(tfacac)3
-]), and trioctylbenzylammonium ([N8,8,8,Bz

+]) 

[Ni(hfacac)3
-] MILs were synthesized and characterized as previously reported. 25,27,28 The 

[P6,6,6,14
+][NTf2

-], [N8,8,8,Bz
+][NTf2

-], 1-tetradecyl-3-methylimidazolium ([C14MIM+]) 

benzylsulfonate ([BS-]), and ammonium ([NH4
+]) [Ni(hfacac)3

-] salts were synthesized according 

to previously published procedures.25,27,28 The [OMIM+][Ni(hfacac)3
-] MIL was synthesized by 

mixing equimolar amounts of [NH4
+][Ni(hfacac)3

-] and [OMIM+][Br-] overnight in 50 mL of 

methanol. The [C14MIM+][Ni(hfacac)3
-] MIL was synthesized by mixing equimolar amounts of 

[NH4
+][Ni(hfacac)3

-] and [C14MIM+][BS-] overnight in 50 mL of methanol. The products were 

subsequently dried in a vacuum oven and purified using diethyl ether and water.  
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Figure 6-1 Structure of the cationic and anionic components for the nine MILs evaluated in this 

study. 

6.2.2 PCR assays and Conditions 

A Bio-Rad CFX96 Touch Real-time PCR (Hercules, CA, USA) was utilized for qPCR 

amplification of the human genomic DNA and 98 base-pair (bp) sequence (see Table S1) using 

the following program: 2 min initial denaturation at 95 °C followed by 40 cycles comprised of a 

5 s denaturation step at 95 °C and a 30 s annealing step. An optical detection step was performed 

after the annealing step to track the progress of the reaction in real-time.  

The β-actin gene in human genomic DNA was amplified in the absence of MIL in 

reaction buffer using 1x SsoAdvanced Supermix, 5% DMSO, and 1 µM primers. The addition of  

0.3 µL of  [P6,6,6,14
+][Ni(hfacac)3

-], [P6,6,6,14
+][Ni(Phtfacac)3

-], [N8,8,8,Bz
+][Ni(hfacac)3

-], or 

[OMIM+][Ni(hfacac)3
-] MILs to the reaction buffer required 1x SsoAdvanced Supermix, 5% 

DMSO, 1 µM primers, and an additional 1x SYBR Green I to achieve uninhibited qPCR 

amplification. Quantitative PCR with 0.3 µL of [C14MIM+][Ni(hfacac)3
-] MIL in the reaction 
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buffer required 1x SsoAdvanced Supermix, 5% DMSO, 1 µM primers, additional 1.25 mM 

MgCl2, and an additional 1x SYBR Green I. The addition of 0.3 µL of [P6,6,6,14
+][Ni(tfacac)3

-] 

MIL required to the qPCR buffer 1x SsoAdvanced Supermix, 5% DMSO, and 1 µM primers for 

amplification. The addition of 0.3 µL of [P6,6,6,14
+][Co(hfacac)3

-] MIL in the reaction buffer 

required 1x SsoAdvanced Supermix, 5% DMSO, 1 µM primers, and an additional 2x SYBR 

Green I. The addition of 0.3 µL of [P6,6,6,14
+][Dy(hfacac)4

-] MIL to the reaction buffer required 

1x SsoAdvanced Supermix, 5% DMSO, 1 µM primers,  6 mM EDTA, 7.5 mM MgCl2, 0.5 

mg·mL-1 BSA, and an additional 1x SYBR Green I. The addition of 0.3 µL of 

[P6,6,6,14
+][Gd(hfacac)4

-] MIL to the qPCR buffer required 1x SsoAdvanced Supermix, 5% 

DMSO, 1 µM primers, 6 mM EDTA, 6.5 mM MgCl2, 1.5 mg·mL-1 BSA, and an additional 1x 

SYBR Green I. 

Amplification of a 98 bp DNA sequence was achieved using 1x SsoAdvanced Supermix 

and 1 µM primers. The addition of  0.3 µL of  [P6,6,6,14
+][Ni(hfacac)3

-], [P6,6,6,14
+][Ni(Phtfacac)3

-], 

[N8,8,8,Bz
+][Ni(hfacac)3

-], [P6,6,6,14
+][Co(hfacac)3

-], and [OMIM+][Ni(hfacac)3
-] MILs to the 

reaction buffer required 1x SsoAdvanced Supermix, 1 µM primers, and an additional 1x SYBR 

Green I to achieve uninhibited qPCR amplification. Amplification with 0.3 µL of 

[C14MIM+][Ni(hfacac)3
-] MIL in the qPCR buffer required 1x SsoAdvanced Supermix, 1 µM 

primers, additional 1.25 mM MgCl2, and an additional 1x SYBR Green I. Amplification with 0.3 

µL of [P6,6,6,14
+][Ni(tfacac)3

-] MIL in the reaction buffer required 1x SsoAdvanced Supermix and 

1 µM primers for amplification. The addition of 0.3 µL of [P6,6,6,14
+][Dy(hfacac)4

-] MIL in the 

reaction buffer required 1x SsoAdvanced Supermix, 1 µM primers, 2 mM EDTA, 7.5 mM 

MgCl2, 1.5 mg·mL-1 BSA, and additional 1x SYBR Green I. The addition of 0.3 µL of 

[P6,6,6,14
+][Gd(hfacac)4

-] MIL to the reaction buffer required 1x SsoAdvanced Supermix, 5% 
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DMSO, 1 µM primers, 2 mM EDTA, 6.5 mM MgCl2, 1.5 mg·mL-1 BSA, and additional 1x 

SYBR Green I. 

6.2.3 Lysis and Extraction Conditions 

DNA extractions were performed from a 50 µL sample of either 50 pg·µL-1 human 

genomic DNA or 5 fg·µL-1 98 bp DNA. A 2 µL volume of MIL was dispersed for 1 min and 

collected on a rod magnet (B = 0.2 T). Recovered MIL was washed with deionized water and a 

0.3 µL aliquot of DNA-enriched MIL was added to the qPCR buffer. All extractions were 

performed in triplicate. 

The general procedure used to simultaneously lyse and capture DNA from WBCs is 

shown in Figure 6-2. An optimized volume of MIL was added to a 50 µL blood sample and 

dispersed using a Barnstead/Thermolyne Type 16700 mixer (Dubuque, IA, USA) for an 

optimized length of time. The MIL was collected using a rod magnet (B = 0.2 T) and washed 

three times with deionized water. A 0.3 µL aliquot of DNA-enriched MIL was added to a qPCR 

tube for downstream amplification and detection. All dispersions were performed in triplicate.  

 

Figure 6-2 Schematic demonstrating the lysis of WBCs and extraction of DNA using MILs. 
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Dry bloodstains were prepared by aliquoting 50 µL of the whole blood on P5 filter paper 

(Fisher Scientific, Waltham, MA, USA). The blood was dried in a desiccator for 24 h. The filter 

paper was subsequently placed in 100 µL of phosphate buffer saline (137 mM NaCl, 2.7 mM 

KCl, 10 mM Na2HPO4, and KH2PO4, pH = 7.4) (PBS) for 5 min to desorb cells. The optimized 

volume of MIL was then dispersed for a specific amount of time to lyse WBCs and extract DNA. 

All extractions from dried blood samples were performed in triplicate. 

WBC lysis and DNA extractions using the QiaAMP DNA mini kit were performed as 

specified by the manufacturer. Briefly, 50 µL of blood was diluted in PBS to 200 µL, and 16 

units of proteinase K were added to the diluted blood. A 1 mL volume of lysis buffer (AL buffer) 

was added to the sample to lyse the cells for 10 min at 56 °C. After this, 1 mL of ethanol was 

added to the sample and mixed. The lysate was added to a silica column and centrifuged for 1 

min at 1.3 × 104 rpm. The flow-through was discarded. Next, 0.5 mL of wash buffer 1 (AW1 

buffer) was added to the column and centrifuged again for 1 min. The flow-through was 

discarded, and 0.5 mL of wash buffer 2 (AW2 buffer) was placed in the column. The column 

was then centrifuged for 3 min and the flow-through discarded. An additional 1 min 

centrifugation step was performed to ensure that the wash buffers were thoroughly removed. 

Lastly, 200 µL of elution buffer (AE buffer) was added to elute the purified DNA from the 

column.  

6.2.4 Wright Staining Procedure 

 Wrights stains were developed based on the procedure described in Strober et al.29 

Briefly, 3 µL of blood was placed on a clean microscope slide. The blood was spread across the 

slide using a second slide. Once dry, 1 mL of methanol was placed on the dry blood to increase 

the cell’s affinity for the stain. The slide was allowed to dry before 1 mL of Wright’s stain was 
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placed on the slide for 2 min. Then, 2 mL of PBS was placed on the slide for 4 min. Slides were 

then rinsed with water to remove excess solution and allowed to air dry. Cells were visualized 

under a Micromaster microscope (Fisher Scientific, Waltham, MA, USA).  

6.3 Results and Discussion 

Integrating DNA-enriched MILs into a qPCR assay allows DNA to desorb from the 

solvent using the elevated temperatures required for PCR without impacting the amplification 

efficiency.25,26 However, the elevated temperatures required for PCR may increase the solubility 

of the MIL, potentially inhibiting the reaction. PCR inhibition caused by MILs can be overcome 

by optimizing the amount of EDTA, SYBR Green I, BSA, and MgCl2. The custom-designed 

qPCR buffers for each MIL are summarized in Table 6-S2. As shown in Figure 6-S1, standard 

curves were constructed by spiking human genomic DNA into the custom-designed qPCR 

buffers and used to quantify the amount of DNA extracted by the MIL. Quantification of human 

genomic DNA in the absence of MIL was carried out using the standard curve in Figure 6-S2a. 

The standard curve in Figure 6-S2b was used to quantify the 98 bp DNA fragment extracted by 

the MILs.  

6.3.1 Extraction of Human Genomic DNA 

 To evaluate the ability of hydrophobic MILs to extract human genomic DNA, extractions 

were initially performed from 2 mM Tris buffer. As shown in Figure 6-3, the nine MILs 

examined all extracted human genomic DNA with the Ni(II)-based MILs containing an aromatic 

moiety within either the cation or ligand structure generally extracted the most DNA.  

The ability of the MIL to extract DNA from blood was studied by spiking a non-targeted 

DNA sequence into the blood. As shown in Figure 6-S3a, the spiked DNA could be recovered 

from blood using all nine MILs, although several exhibited very low extraction efficiencies. 
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However, the blood matrix imparted a significant decrease in the amount of DNA extracted 

compared to extractions from Tris buffer (Figure 6-S3b). The [N8,8,8,Bz
+][Ni(hfacac)3

-] and 

[P6,6,6,14
+][Ni(Phtfacac)3

-] MILs were found to extract the most DNA from the blood matrix. 

6.3.2 Optimizing the Lysis and Extraction of Human Genomic DNA from WBCs 

The volume of MIL and extraction time were optimized from 2-9 µL and 15-120 s, 

respectively, to ensure the highest amount of DNA was extracted from 2-fold diluted blood. As 

shown in Figure 6-S4, 2 µL of MIL was optimum for the [P6,6,6,14
+][Co(hfacac)3

-], 

[OMIM+][Ni(hfacac)3
-], [P6,6,6,14

+][Dy(hfacac)4
-], and [P6,6,6,14

+][Gd(hfacac)4
-] MILs. It was 

found that a 3 µL volume of the [C14MIM+][Ni(hfacac)3
-] MIL and 5 µL of the 

[N8,8,8,Bz
+][Ni(hfacac)3

-] MIL was optimum. For the [P6,6,6,14
+][Ni(Phtfacac)3

-] MIL, 6 µL was 

optimum while 7 µL of  the [P6,6,6,14
+][Ni(hfacac)3

-] and [P6,6,6,14
+][Ni(tfacac)3

-] MILs was 

optimum. Extractions with higher volumes of the [P6,6,6,14
+][Dy(hfacac)4

-] and 

[P6,6,6,14
+][Gd(hfacac)4

-] MILs were unsuccessful, and the MIL could not be recovered. An 

 

Figure 6-3 Extraction of 50 pg·µL-1 human genomic DNA from 2 mM Tris buffer using nine 

different MILs. Sample volume: 50 µL; MIL volume: 2 µL; extraction time: 1 min. 
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optimized vortex time of only 30 s was required for the [P6,6,6,14
+][Gd(hfacac)4

-] MIL. The 

highest amount of DNA detected was achieved after a 1 min vortex with the 

[P6,6,6,14
+][Ni(hfacac)3

-], [P6,6,6,14
+][Ni(Phtfacac)3

-], [N8,8,8,Bz
+][Ni(hfacac)3

-], 

[P6,6,6,14
+][Co(hfacac)3

-], [OMIM+][Ni(hfacac)3
-], [C14MIM+][Ni(hfacac)3

-], and 

[P6,6,6,14
+][Ni(tfacac)3

-] MILs, as shown in Figure 6-S5. A vortex time of 90 s was optimum for 

the [P6,6,6,14
+][Dy(hfacac)4

-] MIL.  

The simultaneous lysis of WBCs and extraction of human genomic DNA was evaluated 

using the optimized extraction procedures for each MIL from 2-fold diluted blood, whole blood, 

and dry bloodstains. As shown in Figure 6-4, the [N8,8,8,Bz
+][Ni(hfacac)3

-] MIL was most 

successful at lysing and extracting DNA from 2-fold diluted and whole blood. However, the 

[P6,6,6,14
+][Ni(Phtfacac)3

-] MIL extracted more DNA from dry blood samples. It was found that 

commercial spin columns extracted more DNA from 2-fold diluted blood, whole blood, and dry 

bloodstains compared to the MILs. Interestingly, the Gd(III) and Dy(III) MILs recovered 

significantly more DNA from blood compared to Tris buffer. It is possible that the Gd(III) and 

Dy(III) MILs were more successful at lysing WBCs compared to the Ni(II) MIL, but their poor 

DNA extraction efficiencies hindered their overall performance. Although the spin columns were 

able to extract more DNA, the MIL-based method required only 1 min whereas the kits require 

over 60 min as well as additional instrumentation (centrifuge and water bath) and multiple 

reagents, making the extraction more cumbersome.30  
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Figure 6-4 Amount of DNA detected following the use of MILs to lyse WBCs and extract DNA 

from (a) 2-fold diluted blood, (b) whole blood, and (c) dry bloodstains. The QiaAMP spin 

columns were able to extract (a) 6375.86 ± 561.50 pg, (b) 13901.45 ± 1894.61 pg, (c) and 

1537.99 ± 319.04. 

6.3.3 Evaluating of the Co-extraction of PCR Inhibitors 

To evaluate the co-extraction of PCR inhibitors by the MIL from undiluted blood, serial 

dilutions of a 98 bp DNA sequence not found in blood were spiked into the qPCR buffer to 
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generate standard curves. As shown in duplicated with each cycle and that limited amounts of  

qPCR inhibitors are being duplicated with each cycle and that limited amounts of qPCR 

inhibitors are being extracted by the MILs. However, amplification efficiencies associated with 

dispersing the [N8,8,8,Bz
+][Ni(hfacac)3

-] and [P6,6,6,14
+][Ni(tfacac)3

-] MILs in whole blood were 

above 110%, suggesting the co-extraction of PCR inhibitors by these MILs. Interestingly, 

decreasing the MIL volume dispersed in blood from the optimized volume (5 and 7 µL for the 

Figure 6-5 the amplification efficiencies associated with the [P6,6,6,14
+][Ni(hfacac)3

-], 

[P6,6,6,14
+][Ni(Phtfacac)3

-], [P6,6,6,14
+][Co(hfacac)3

-], [OMIM+][Ni(hfacac)3
-], 

[C14MIM+][Ni(hfacac)3
-], [P6,6,6,14

+][Dy(hfacac)4
-], and [P6,6,6,14

+][Gd(hfacac)4
-] MILs were 

between 90-110%. This suggests that DNA is being  Figure 6-6 Standard curves generated by 

spiking a 98 bp DNA sequence into the qPCR reaction after dispersing the (a) 

[P6,6,6,14
+][Ni(hfacac)3

-], (b) [N8,8,8,Bz
+][Ni(hfacac)3

-], (c) [OMIM+][Ni(hfacac)3
-], (d) 

[C14MIM+][Ni(hfacac)3
-], (e) [P6,6,6,14

+][Ni(Phtfacac)3
-], (f) [P6,6,6,14

+][Ni(tfacac)3
-], (g) 

[P6,6,6,14
+][Co(hfacac)3

-], (h) [P6,6,6,14
+][Dy(hfacac)4

-], and (i) [P6,6,6,14
+][Gd(hfacac)4

-] MILs in 

whole  blood. 
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[N8,8,8,Bz
+][Ni(hfacac)3

-] and [P6,6,6,14
+][Ni(tfacac)3

-] MILs, respectively) to 2 µL caused the 

amplification efficiencies to drop to 96.48% and 103.66% with the [N8,8,8,Bz
+][Ni(hfacac)3

-] and 

[P6,6,6,14
+][Ni(tfacac)3

-] MILs, respectively while developing standard curves with the 98 bp 

sequence (see Figure 6-S6). This suggests that PCR inhibitors are co-extracted more readily with 

larger volumes of MIL, likely due to the increased surface area facilitating mass transfer with 

PCR inhibitors.13  

The amount of DNases co-extracted by the MIL from whole blood was evaluated by 

allowing the DNA-enriched MILs to incubate for up to 48 h at 25 °C prior to qPCR 

amplification. All nine MILs were found to preserve DNA extracted from Tris buffer for 48 h 

(see Figure 6-S7a). This suggests that the hexafluoroacetylacetonate-based MILs do not degrade 

DNA over time. As shown in Figure 6-S7b, there was no significant change in the amount of 

DNA detected using the [P6,6,6,14
+][Ni(Phtfacac)3

-] and [N8,8,8,Bz
+][Ni(hfacac)3

-] MILs after 48 h. 

However, a significant drop in the amount of DNA was observed using the Student t-test (p < 

0.05) after 48 h with the [P6,6,6,14
+][Gd(hfacac)4

-] MIL and 24 h with the [P6,6,6,14
+][Ni(hfacac)3

-], 

[P6,6,6,14
+][Ni(hfacac)3

-], [C14MIM+][Ni(hfacac)3
-], and [P6,6,6,14

+][Dy(hfacac)4
-] MILs. The 

[OMIM+][Ni(hfacac)3
-] and [P6,6,6,14

+][Ni(tfacac)3
-] MILs were found to preserve DNA for only 6 

h.  The drop in the amount of DNA detected suggests nucleases are being extracted by the 

[P6,6,6,14
+][Ni(hfacac)3

-], [P6,6,6,14
+][Co(hfacac)3

-], [C14MIM+][Ni(hfacac)3
-], 

[P6,6,6,14
+][Gd(hfacac)4

-], [P6,6,6,14
+][Dy(hfacac)4

-], [OMIM+][Ni(hfacac)3
-], and 

[P6,6,6,14
+][Ni(tfacac)3

-] MILs. However, DNA was stable within the MIL for several hours after 

the extraction, possibly due to the hydrophobic microenvironment of the MIL limiting the 

activity of DNase.31  
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6.3.4 Insight into the Mechanism of Blood Cell Lysis by MILs 

 To investigate cell integrity after dispersing MILs in blood, blood smears were developed 

using Wright’s stain. Wright’s stain is comprised of two colorimetric stains: (1) eosin, which 

stains proteins in the cytosol red, and (2) methylene blue, which stains NAs in WBCs blue.29 As 

shown in Figure 6-6, exposing blood cells to MILs (Figures 6-6c-k) caused a significant 

reduction in the central pallor of the RBCs compared to whole blood (Figure 6-6a). This suggests 

that proteins, such as hemoglobin, are not present in the cytoplasm due to the lysis of cells. Small 

spikes were also noted on RBCs exposed to the [N8,8,8,Bz
+][Ni(hfacac)3

-],  [OMIM+][Ni(hfacac)3
-

], and [C14MIM+][Ni(hfacac)3
-] MILs. Spurs cells are a morphological abnormality of RBCs 

associated with several diseases such as carcinoma and liver disease.32-33 They form due to 

disturbances in the lipid composition of the cell membrane.32,34,35 RBCs exposed to the 

[P6,6,6,14
+][Gd(hfacac)4

-] MILs no longer exhibited a circular shape and appeared deformed. Few 

intact WBCs and free DNA was observed in the slides.  

The effect that the MIL cation, ligand, and metal ion has on the lysis of WBCs was 

evaluated by spiking each component into 50 µL of blood. As shown in Figure 6-S8, the eosin 

stain was not retained in RBCs exposed to nickel(II) chloride, cobalt(II) chloride, 

dysprosium(III) chloride, or gadolinium(III) chloride. This may be linked to hemolysis generated 

through oxidative stress by the metal ion.36 As shown in Figure 6-S9, the ligand may also play a 

role in cell lysis. No cells were observed after exposing the blood to hexafluoroacetylacetone, the 

chemical precursor used to form the metal hexafluoroacetylateonate-based MILs. However, non-

viable RBCs were noted with phenyltrifluoroacetone and 1,1,1-trifluoroacetylacetone; no intact 

WBCs were noted. As shown in Figure 6-S10, the cation appears to also affect cell viability. The  
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Figure 6-7 Images showing the Wright staining of (a) whole blood and (b) 4 µg of salmon testes 

DNA  compared to whole blood exposed to (c) [P6,6,6,14
+][Ni(hfacac)3

-], (d) 

[N8,8,8,Bz
+][Ni(hfacac)3

-], (e) [OMIM+][Ni(hfacac)3
-], (f) [C14MIM+][Ni(hfacac)3

-], (g) 

[P6,6,6,14
+][Ni(Phtfacac)3

-], (h) [P6,6,6,14
+][Ni(tfacac)3

-], (i) [P6,6,6,14
+][Co(hfacac)3

-], (j) 

[P6,6,6,14
+][Dy(hfacac)4

-], and (k) [P6,6,6,14
+][Gd(hfacac)4

-] MILs in whole  blood. 

[P6,6,6,14
+][NTf2

-] IL appears to completely lyse WBC and RBCs. RBCs exposed to the 

[N8,8,8,Bz
+][NTf2

-] IL were noted to have spurs. 

Previously, it was reported that a lipophilic cationic component imparts surfactant-like 

properties to the MIL.25 RBCs form spurs in the presence of surfactants due to the intercalation 

of the surfactant molecules into the cell membrane.37,38 The interaction of the surfactant then 

leads to solubilization of the cell membrane and consequently cell lysis. 
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6.4 Conclusions 

 The simultaneously lysing of WBCs and extraction of DNA shows great potential for 

consolidating sample preparation and achieving high throughput analysis. A short vortex step of 

1 min was required to extract over 500 pg and 800 pg of human genomic DNA from 50 µL 

whole blood and dry blood, respectively, whereas commercial methods require an hour to lyse, 

extract, and recover NAs. From lysis to detection the MIL-based WBC lysis and genomic DNA 

extraction were substantially faster than the spin column method. All nine MILs could be 

integrated into the qPCR buffer without inhibiting the reaction, allowing for a chemical lysis 

method that did not inhibit downstream detection. Thermal desorption during qPCR greatly 

reduced the sample preparation time needed for isolating human genomic DNA. The qPCR 

efficiency was not affected by dispersing the small volumes of MIL in whole blood suggesting 

that the MILs co-extracted minimal amounts of qPCR inhibitors. Wright staining revealed a 

noticeable lack of WBCs, with the remaining RBCs appearing to have been lysed. The MIL 

cation, chelated metal ion, and ligand play a significant role in the ability of the MIL to lyse cells 

and extract NAs. MILs containing an aromatic component within the chemical structure were 

found to extract more DNA. The Gd(III) and Dy(III) MILs appeared to be more efficient at 

lysing cells. The utilization of MILs to chemically lyse cells and extract DNA is highly 

advantageous for nucleic acid analysis since the method could be fully automated. Finally, the 

simple 1 min sample preparation step is ideal for high throughput analysis.  
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CHAPTER 7.      

General Conclusions 

The first chapter of this dissertation describes the characteristics of MILs and 

conventional methods for nucleic acid analysis. MILs are attractive in sample preparation due to 

the paramagnetic component within the chemical structure, allowing analyte-enriched droplets to 

respond to an external magnetic field. In contrast, traditional LLE methods require bulky 

equipment (i.e., centrifuge) to recover the extraction solvent. Traditional nucleic acid extraction 

methods (i.e., phenol-chloroform-based LLEs and silica-based SPEs) are tedious and time 

consuming, creating a significant bottleneck in DNA analysis. Although rapid and simple to 

perform, chemical lysis procedures require significant sample purification to remove the lysis 

reagent. Furthermore, mechanical lysis methods must be carefully optimized to ensure cells are 

lysed without shearing nucleic acids. Innovative nucleic acid sample preparation methods should 

be explored to overcome the limitations of conventional approaches to DNA analysis.  

Chapter 2 of this dissertation details the integration of four hexafluoroacetylacetonate-

based MILs that contain either a Ni(II), Co(II), Mn(II), or Dy(III) metal center into a qPCR 

assay. The concentration of EDTA, SYBR green I, magnesium chloride, and BSA within the 

qPCR assay was carefully optimized to relieve inhibition caused by the MILs. DNA was 

preconcentrated in the MIL using an optimized SDME or SA-DLLME method where the MIL 

was suspended on a rod magnet and agitated with an orbital shaker or dispersed using a vortex, 

respectively. The amount of DNA isolated by the MIL was compared to extractions performed 

with commercial silica-based magnetic beads. The MIL-SDME method outperformed the 

magnetic bead approach at preconcentrating ssDNA and extracted similar amounts of dsDNA. 

The addition of DNA-enriched MIL to the reaction buffer did not affect the amplification 
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efficiency suggesting that MILs are qPCR compatible. In contrast, the addition of magnetic 

beads to the reaction buffer decreased the amplification efficiency to 81.6%, suggesting that the 

beads inhibited the qPCR assay. 

The third chapter of this dissertation chronicles the integration of a DNA-enriched MIL 

into a multiplex-qPCR assay to simultaneously amplify three ctDNA fragments. The MIL-

multiplex-qPCR buffer composition (i.e., Taqman probe, EDTA, magnesium chloride, and 

primer concentrations) and annealing temperature were optimized to ensure simultaneous 

amplification of three ctDNA fragments. Allelic discrimination was achieved between all three 

DNA fragments, including two single nucleotide polymorphisms. Enrichment factors as high as 

35 were achieved for all three DNA fragments. In comparison, commercial spin column and 

silica-based magnetic beads poorly preconcentrated DNA; this is partially due to the large 

desorption volume required to sufficiently desorb DNA from the silica sorbent. The MILs were 

also able to extract the three DNA fragments spiked into undiluted plasma.  

In Chapter 4, the development of a dispersive, sequence-specific ITO-MIL extraction was 

described. Once the ITO probe was annealed to denatured DNA, the MIL was dispersed in a 

sample to preconcentrate ctDNA. The DNA-enriched MIL was then added to the custom-

designed qPCR assay to desorb DNA during qPCR amplification. The sequence-specific 

extraction required only 11 min to preconcentrate femtomolar concentrations of DNA. The ITO-

MIL extraction was able to selectively isolate DNA from complex matrices such as diluted 

plasma. In contrast, commercial sequence-specific extraction methods using streptavidin-coated 

magnetic beads with biotin-modified oligonucleotides could not selectively isolate DNA from 

diluted plasma.  
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In the fifth chapter of this dissertation, BRAF V600E was preconcentrated from diluted 

human plasma, artificial urine, and artificial sputum spiked with large amounts of wild-type 

BRAF. The amplification of wild-type BRAF and BRAF V600E was simultaneously monitored 

using sequence-specific Taqman probes. K-means clustering was used to statistically 

discriminated the endpoint fluorescent signals associated with ITO-MIL extractions compared to 

a wild-type BRAF standard (50 fg·µL wild-type BRAF). It was found that 0.1-0.5% BRAF V600E 

extracted from diluted plasma, artificial urine, and diluted artificial sputum could be 

distinguished from the 100% wild-type BRAF standards. In contrast, a 9% BRAF V600E 

standard could not be distinguished from the 100% wild-type BRAF standard. 

The sixth chapter of this review describes the development of a one-step cell lysis and 

DNA extraction method using MILs. An aliquot of MIL was dispersed in a sample consisting of 

2-fold diluted blood, whole blood, or reconstituted bloodstains and subsequently collected using 

a rod magnet. Picogram levels of human genomic DNA was recovered from the MIL using 

qPCR. The ligand, metal ion, and hydrophobic cation of the MIL contributed to the cell lysis, 

with the metal ion causing hemolysis and the hydrophobic cation interacting with the cell 

membrane. Sample preparation required as little as  30 s with the MILs, whereas conventional 

spin column extraction kits required 40-60 min suggesting that the MILs would be ideal for high 

throughput DNA analysis. Also, the addition of MIL dispersed in blood to the qPCR did not 

significantly impact the amplification efficiency, suggesting that MILs are chemical lysis 

reagents that do not inhibit downstream bioanalytical detection. 
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APPENDIX A 

SUPPORTING INFORMATION ACCOMPANYING CHAPTER 2 

 

 
Figure 2-S1 Six point standard curve ranging from 200 to 2×107 copies per reaction to 

determine the amplification efficiency of single-stranded KRAS template and subsequent 

quantification. 

 

 

 
Figure 2-S2 Five point standard curve with 10-fold dilution to determine the amplification 

efficiency of double-stranded KRAS template and subsequent quantification. 
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Figure 2-S3 Four point standard curve for NiCl2 generated using atomic absorption spectroscopy 

developed for Ni2+ quantification. 

 

 

 

Figure 2-S4 Amplification curves generated by incubating 10 µL of water with and without 

[P6,6,6,14
+][Ni(hfacac)3

-] using the PCR temperature program. Incubated water was used for 

subsequent qPCR (green) and compared to a standard reaction (blue). 
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Figure 2-S5 Melt curves associated with KRAS template extracted using [P6,6,6,14
+][Ni(hfacac)3

-] 

(green), [P6,6,6,14
+][Co(hfacac)3

-] (red), [P6,6,6,14
+][Mn(hfacac)3

-] (orange), and 

[P6,6,6,14
+][Dy(hfacac)4

-] (violet) compared against a KRAS standard (blue). 

 
Figure 2-S6 Effect of extraction solvent volume for MIL-SDME using [P6,6,6,14

+][Ni(hfacac)3
-] 

MIL as an extraction solvent. KRAS template concentration: 2×104 copies/µL; total solution 

volume: 2.0 mL; extraction time: 10 min; MIL volume: 2 µL; rotation rate: 200 rpm. 

 

 

Figure 2-S7 Effect of MIL dispersive solvent volume optimization for MIL-DLLME method 

using [P6,6,6,14
+][Ni(hfacac)3

-] as an extraction solvent. KRAS template concentration: 2×104
 

copies/µL; total solution volume: 2.0 mL; extraction time: 60 s; Pluronic F-108 concentration: 3 

µM. 
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Figure 2-S8 Shaker speed optimization for SDME method using [P6,6,6,14
+][Ni(hfacac)3

-] as an 

extraction solvent. KRAS template concentration: 2×104 copies/µL; total solution volume: 2.0 

mL; extraction time: 10 min; MIL volume: 2 µL. 

 
Figure 2-S9 Surfactant concentration optimization for MIL-SA-DLLME method using 

[P6,6,6,14
+][Ni(hfacac)3

-]. KRAS template concentration: 2×104 copies/µL; total solution volume: 

2.0 mL; extraction time: 120 s; MIL volume: 6 µL. 

 

 

 
Figure 2-S10 Extraction time optimization of SDME using [P6,6,6,14

+][Ni(hfacac)3
-] as an 

extraction solvent. KRAS template concentration: 2×104 copies/µL; total solution volume: 2.0 

mL; MIL volume: 2 µL; rotation rate: 200 rpm. 
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Figure 2-S11 Sample solution pH optimization for SDME method using [P6,6,6,14

+][Ni(hfacac)3
-] 

as an extraction solvent. KRAS template concentration: 2×104 copies/µL; total solution volume: 

2.0 mL; extraction time: 10 min; MIL volume: 2 µL; rotation rate: 200 rpm. 

 

 

 

Figure 2-S12 Sample solution pH optimization for MIL-SA-DLLME method using 

[P6,6,6,14
+][Ni(hfacac)3

-] as an extraction solvent. KRAS template concentration: 2×104 copies/µL; 

total solution volume: 2.0 mL; Tris-HCl concentration: 10 mM; extraction time: 120 s; MIL 

volume: 6 µL; Pluronic F-108 concentration: 3 µM. 
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Figure 2-S14 MIL-SDME extractions of double-stranded KRAS template in the presence of non-

target DNA using the [P6,6,6,14
+][Ni(hfacac)3

-] MIL as an extraction solvent. KRAS template 

concentration: 2×104 copies/µL; total solution volume: 2.0 mL; extraction time: 20 min; MIL 

volume: 2 µL; rotation rate: 200 rpm 
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Figure 2-S13 Agarose gel (1%) electrophoresis separation confirming the length of the sheared 

DNA fragments from salmon testes DNA after being sonicated for 60 cycles of 30 s bursts and 

30 s rest (lane 2) against a 1 Kbp DNA ladder (lane 1).  
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Figure 2-S15 MIL-SDME extractions of double-stranded KRAS template in the presence of non-

target DNA using the [P6,6,6,14
+][Ni(hfacac)3

-] MIL as an extraction solvent. KRAS template 

concentration: 2×104 copies/µL; total solution volume: 2.0 mL; extraction time: 20 min; MIL 

volume: 3 µL; rotation rate: 200 rpm. 

 

 

Figure 2-S16 Magnetic bead-based extraction of double-stranded KRAS template in the presence 

of non-target DNA. KRAS template concentration: 2×104 copies/µL; solution volume: 2.0 mL; 

concentration of guanidine HCl: 3 M; extraction time: 1 min; mass of magnetic beads: 720 µg. 
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Figure 2-S17 Comparison of the MIL-SDME and magnetic bead-based DNA extraction from 

ten-fold diluted plasma matrix. MIL-SDME conditions: KRAS template concentration: 2x104 

copies/µL; total solution volume: 2.0 mL; time: 20 min; MIL volume: 2 µL. Magnetic bead 

extraction conditions: KRAS template concentration: 2×104 copies/µL; solution volume: 2.0 mL; 

concentration of Guanidine HCl: 3 M; time: 1 min; mass of magnetic beads: 720 µg 
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APPENDIX B 

SUPPORTING INFORMATION ACCOMPANYING CHAPTER 3 

Table 3-S1 All oligo sequences examined in this study. 

Name Sequence 

Forward KRAS Primer 5’-AAGGCCTGCTGAAAATGACT-3’ 

Reverse KRAS Primer 5’-TCTGAATTAGCTGTATCGTCAAGG-3’ 

Wild-type KRAS Probe 5’ ACTTGTGGTAGTTGGAGCTGGTGG -3’ 

G12S mutant KRAS Probe 5’- TTGTGGTAGTTGGAGCTAGTGGCG -3’ 

Forward BRAF Primer 5’-GGTCTAGCTACAGTGAAATCTCG-3’ 

Reverse BRAF Primer 5’-TAGCCTCAATTCTTACCATCCAC-3’ 

Wild-type BRAF Probe 5’-TGTTCAAACTGATGGGACCCACTCC-3’ 

15-mer Oligonucleotide 5’-TCA ACA TCA GTC TGA-3’ 

15-mer Oligonucleotide Compliment 5’-TCA GAC TGA TGT TGA-3’ 

1 nt Mismatch 15-mer Oligonucleotide 5’-TCA GAC TAA TGT TG-3’ 

 

Table 3-S2 Melting temperatures associated with the 15-mer oligonucleotide and its perfect 

complement and 1 nt mismatch. 

 Tm of 

complement (°C) 

(n = 3) 

Tm of 1 nt 

mismatch (°C) 

(n =3) 

Difference (°C) 

Standard 65.33 ± 0.29 56.33 ± 0.29 9.00 ± 0.00 

[P6,6,6,14
+][Ni(hfacac)3

-] 61.67 ± 0.29 52.67 ± 0.58 9.00 ± 0.50 

[P6,6,6,14
+][Ni(Phtfacac)3

-] 58.00 ± 0.00 47.67 ± 0.29 10.33 ± 0.29 

[N8,8,8,Bz
+][Ni(hfacac)3

-] 57.83 ± 0.29 54.17 ± 0.29 3.67 ± 0.29 
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Figure 3-S1 Chemical structures of the [P6,6,6,14
+][Ni(hfacac)3

-], [P6,6,6,14
+][Ni(Phtfacac)3

-], and 

[N8,8,8,Bz
+][Ni(hfacac)3

-] MILs examined in this study. 
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Figure 3-S2 H1 NMR spectrum of the [N8,8,8,Bz
+][Br-] salt. 

 

Figure 3-S3 H1 NMR spectrum of the [P6,6,6,14
+][NTf2

-] IL. 
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Figure 3-S4 H1 NMR spectrum of the [N8,8,8,Bz
+][NTf2

-] IL. 
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Figure 3-S6 Five-point standard curves generated for the (green) wild-type KRAS, (blue) G12S 

KRAS, and (violet) wild-type BRAF. Triplicate reactions were performed for each concentration. 

Figure 3-S5 Allelic discrimination between the wild-type KRAS, G12S KRAS, and wild-type 

BRAF targets using multiplex-qPCR. Het., heterozygous; B, wild-type BRAF; WK, wild-type 

KRAS; MK, G12S KRAS. Triplicate reactions were performed for each cluster. 
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Figure 3-S7 Five-point standard curves generated for the (green) wild-type KRAS, (blue) 

G12S KRAS, and (violet) wild-type BRAF with the (a) [P6,6,6,14
+][Ni(hfacac)3

-],  (b) 

[N8,8,8,Bz
+][Ni(hfacac)3

-], and (c) [P6,6,6,14
+][Ni(Phtfacac)3

-] MILs in the buffer. Triplicate 

reactions were performed for each concentration. 
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Figure 3-S9 Melt curves associated with (a) wild-type KRAS, (b) G12S KRAS, and (c) wild-type 

BRAF after extracting DNA using the (green) [P6,6,6,14
+][Ni(hfacac)3

-] (blue) 

[N8,8,8,Bz
+][Ni(hfacac)3

-], and (violet) [P6,6,6,14
+][Ni(Phtfacac)3

-] MILs spiked into the solution 

compared to a (black) standard. 

 

 

 

 

 

Figure 3-S8 Melt curves of the G12S KRAS amplicon with 0.3 µL of (green) 

[P6,6,6,14
+][Ni(hfacac)3

-], (blue) [N8,8,8,Bz
+][Ni(hfacac)3

-], and (violet) [P6,6,6,14
+][Ni(Phtfacac)3

-] 

MILs spiked into the solution compared to a (black) standard.  

 



www.manaraa.com

160 

 

 

Figure 3-S10 (a) Six-point standard curve of Cy5. Slope = 1.867 ± 0.045, y-intercept = -31.76 ± 

4.65, standard deviation of the regression = 8.651. All points were performed in triplicate. (b) 

Extraction of 150 nM Cy5 using four hydrophobic MILs. Sample volume: 20 µL; extraction 

time: 10 min; MIL volume: 0.3 µL. Each extraction was performed in triplicate. 

 

 

Figure 3-S11 Extraction of 150 nM Cy5 by the (green) [P6,6,6,14
+][Ni(hfacac)3

-], (violet) 

[P6,6,6,14
+][Ni(Phtfacac)3

-], and (blue) [N8,8,8,Bz
+][Ni(hfacac)3

-] MILs. Sample volume: 20 µL; MIL 

volume: 0.3 µL. Initialization conditions: 2 min at 50 °C then 10 min at 90 °C. Cycling 

conditions for the [P6,6,6,14
+][Ni(hfacac)3

-] and [P6,6,6,14
+][Ni(Phtfacac)3

-] MILs: 15 s at 90 °C and 

1 min at 59 °C. Cycling conditions for the [N8,8,8,Bz
+][Ni(hfacac)3

-] MIL: 15 s at 90 °C and 1 min 

at 62 °C. All extractions were performed in triplicate.  
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Figure 3-S12 Optimization of the amount of MIL dispersed using the (a) [P6,6,6,14
+]    

[Ni(hfacac)3
-],  (b) [N8,8,8,Bz

+][Ni(hfacac)3
-], and (c) [P6,6,6,14

+][Ni(Phtfacac)3
-] MIL solvents to 

extract (green) wild-type KRAS, (blue) G12S KRAS, and (violet) wild-type BRAF DNA. Wild-

type KRAS, G12S KRAS, and wild-type BRAF template concentration: 0.5 fg µL-1, sample 

volume: 1.0 mL; extraction time: 2 min. Triplicate extractions were performed for each 

condition.   
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Figure 3-S13 Extraction time optimization of (green) wild-type KRAS, (blue) G12S KRAS, and 

(violet) wild-type BRAF using the (a) [P6,6,6,14
+][Ni(hfacac)3

-],  (b) [N8,8,8,Bz
+][Ni(hfacac)3

-], and 

(c) [P6,6,6,14
+][Ni(Phtfacac)3

-] MILs. Wild-type KRAS, G12S KRAS, and wild-type BRAF template 

concentration: 0.5 fg µL-1, sample volume: 1.0 mL; [P6,6,6,14
+][Ni(hfacac)3

-] volume: 6 µL; 

[N8,8,8,Bz
+][Ni(hfacac)3

-] volume: 6 µL; [P6,6,6,14
+][Ni(Phtfacac)3

-] volume: 8 µL. Triplicate 

extractions were performed for each condition.   
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Figure 3-S14 Allelic discrimination plots developed after performing MIL-DLLME and 

desorbing DNA during multiplex-qPCR program with the (a) [P6,6,6,14
+][Ni(hfacac)3

-], (b) 

[N8,8,8,Bz
+][Ni(hfacac)3

-], and (c) [P6,6,6,14
+][Ni(Phtfacac)3

-] MILs. DNA concentration: 0.5 fg µL-

1, sample volume: 1.0 mL; [P6,6,6,14
+][Ni(hfacac)3

-] volume: 6 µL; [N8,8,8,Bz
+][Ni(hfacac)3

-] 

volume: 6 µL; [P6,6,6,14
+][Ni(Phtfacac)3

-] volume: 8 µL;[P6,6,6,14
+][Ni(hfacac)3

-] extraction time: 2 

min; [N8,8,8,Bz
+][Ni(hfacac)3

-] extraction time: 2 min; [P6,6,6,14
+][Ni(Phtfacac)3

-] extraction time: 3 

min. Het., heterozygous; B, wild-type BRAF; WK, wild-type KRAS; MK, G12S KRAS.  

Triplicate extractions were performed for each cluster. 
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Figure 3-S15 Enrichment factors obtained when extracting only one of three DNA fragments 

using the (a) [P6,6,6,14
+][Ni(hfacac)3

-],  (b) [N8,8,8,Bz
+][Ni(hfacac)3

-], and (c) 

[P6,6,6,14
+][Ni(Phtfacac)3

-] MILs. DNA concentration: 0.5 fg µL-1, sample volume: 1.0 mL; 

[P6,6,6,14
+][Ni(hfacac)3

-] volume: 6 µL; [N8,8,8,Bz
+][Ni(hfacac)3

-] volume: 6 µL; 

[P6,6,6,14
+][Ni(Phtfacac)3

-] volume: 8 µL. [P6,6,6,14
+][Ni(hfacac)3

-] extraction time: 2 min; 

[N8,8,8,Bz
+][Ni(hfacac)3

-] extraction time: 2 min; [P6,6,6,14
+][Ni(Phtfacac)3

-] extraction time: 3 min. 

Triplicate extractions were performed for each sequence. 
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Figure 3-S16 Amplification curves of (green) wild-type KRAS, (blue) G12S KRAS, and (purple) 

wild-type BRAF associated with the MIL-multiplex-qPCR using the (a) [P6,6,6,14
+][Ni(hfacac)3

-],  

(b) [N8,8,8,Bz
+][Ni(hfacac)3

-], and (c) [P6,6,6,14
+][Ni(Phtfacac)3

-] MILs. KRAS WT and BRAF 

template concentration: 5 fg µL-1, G12S KRAS template concentration: 0.5 fg µL-1; sample 

volume: 1.0 mL; [P6,6,6,14
+][Ni(hfacac)3

-] volume: 6 µL; [N8,8,8,Bz
+][Ni(hfacac)3

-] volume: 6 µL; 

[P6,6,6,14
+][Ni(Phtfacac)3

-] volume: 8 µL. [P6,6,6,14
+][Ni(hfacac)3

-] extraction time: 2 min; 

[N8,8,8,Bz
+][Ni(hfacac)3

-] extraction time: 2 min; [P6,6,6,14
+][Ni(Phtfacac)3

-] extraction time: 3 min. 

 

 

Figure 3-S17 Amplification curves of (green) wild-type KRAS, (blue) G12S KRAS, and (purple) 

wild-type BRAF associated with the MIL-multiplex-qPCR with the (a) [P6,6,6,14
+][Ni(hfacac)3

-],  

(b) [N8,8,8,Bz
+][Ni(hfacac)3

-], and (c) [P6,6,6,14
+][Ni(Phtfacac)3

-] MILs. KRAS WT and BRAF 

template concentration: 5 fg µL-1, G12S KRAS template concentration: 0.05 fg µL-1; sample 

volume: 1.0 mL; [P6,6,6,14
+][Ni(hfacac)3

-] volume: 6 µL; [N8,8,8,Bz
+][Ni(hfacac)3

-] volume: 6 µL; 

[P6,6,6,14
+][Ni(Phtfacac)3

-] volume: 8 µL. [P6,6,6,14
+][Ni(hfacac)3

-] extraction time: 2 min; 

[N8,8,8,Bz
+][Ni(hfacac)3

-] extraction time: 2 min; [P6,6,6,14
+][Ni(Phtfacac)3

-] extraction time: 3 min. 
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Figure 3-S18 MIL-DLLME from 10-fold diluted plasma containing either Na2EDTA or citrate 

as an anticoagulant with the (a) [P6,6,6,14
+][Ni(hfacac)3

-],  (b) [N8,8,8,Bz
+][Ni(hfacac)3

-], and (c) 

[P6,6,6,14
+][Ni(Phtfacac)3

-] MILs. Wild-type KRAS, G12S KRAS, and wild-type BRAF template 

concentration: 0.5 fg µL-1, sample volume: 1.0 mL; [P6,6,6,14
+][Ni(hfacac)3

-] volume: 6 µL; 

[N8,8,8,Bz
+][Ni(hfacac)3

-] volume: 6 µL; [P6,6,6,14
+][Ni(Phtfacac)3

-] volume: 8 µL. 

[P6,6,6,14
+][Ni(hfacac)3

-] extraction time: 2 min; [N8,8,8,Bz
+][Ni(hfacac)3

-] extraction time: 2 min; 

[P6,6,6,14
+][Ni(Phtfacac)3

-] extraction time: 3 min. Triplicate extractions were performed for all 

conditions. 
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Figure 3-S19 Four-point standard curves generated for the (green) wild-type KRAS, (blue) G12S 

KRAS, and (violet) wild-type BRAF by performing extractions from 10-fold diluted plasma with 

the Na2EDTA anticoagulant using the (a) [P6,6,6,14
+][Ni(hfacac)3

-], (b) [N8,8,8,Bz
+][Ni(hfacac)3

-] 

MIL, and (c) [P6,6,6,14
+][Ni(Phtfacac)3

-] MILs. Wild-type KRAS, G12S KRAS, and wild-type 

BRAF template concentration: 0.5 fg µL-1, sample volume: 1.0 mL; [P6,6,6,14
+][Ni(hfacac)3

-] 

volume: 6 µL; [N8,8,8,Bz
+][Ni(hfacac)3

-] volume: 8 µL; [P6,6,6,14
+][Ni(Phtfacac)3

-] volume: 6 µL. 

[P6,6,6,14
+][Ni(hfacac)3

-] extraction time: 2 min; [N8,8,8,Bz
+][Ni(hfacac)3

-] extraction time: 2 min; 

[P6,6,6,14
+][Ni(Phtfacac)3

-] extraction time: 3 min. Triplicate extractions were performed for each 

concentration. 
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APPENDIX C 

SUPPORTING INFORMATION ACCOMPANYING CHAPTER 4 

Table 4-S1 All oligo sequences examined in this study. 

Name Sequence 

Thiolated KRAS 5’ 5Thio-MC6-D/TTG AAC TAG CAA TGC CTG TG -3’ 

KRAS Complement 5’ – CAC AGG CAT TGC TAG TTC AA -3’ 

Thiolated KRAS Single Nucleotide 

Variant 

5’ 5Thio-MC6-D/TTG AAC TAG GAA TGC CTG TG -3’ 

Biotinylated KRAS 5’-5Biosg/TTG AAC TAG CAA TGC CTG TG -3’ 

KRAS 1 nt mismatch 5’ – CAC AGG CAT TCC TAG TTC AA -3’ 

KRAS 2 nt mismatch 5’ – GAC AGG CAT TCC TAG TTC AA -3’ 

 

Table 4-S2 Calculated and observed masses for the ITOs synthesized in this study. 

ITO Exact Mass 

(monoisotopic) 

m/z (Calculated) 

-4 Charged State 

m/z (Observed) 

-4 Charged State 

[AOIM+]-KRAS [Br-] 6549.6007 1636.4002 1635.8976 

[AOIM+]-KRAS [PF6
-] 6549.6007 1636.4002 1635.8737 

[ABzIM+]-KRAS [Br-] 6527.5097 1630.8774 1630.6268 

[ABzIM+]-KRAS [PF6
-] 6527.5097 1630.8774 1630.0978 
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(a) 

(b) 

Figure 4-S1 1H NMR (a) and 13C NMR (b) spectra of the [N8,8,8,Bz
+][Br-] salt taken on a 400 

MHz instrument. 
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Figure 4-S2 Extracted ion chromatograms of the -4 charged state of the (a) [AOIM+]-KRAS [Br-] 

(blue) and [AOIM+]-KRAS [PF6
-] (orange) and (b) [AOIM+]-KRAS [Br-] (blue) and [AOIM+]-

KRAS [PF6
-] (orange) ITOs. 

 

 

Figure 4-S3 Five-point standard curve with 10-fold dilution to determine the amplification 

efficiency of the KRAS template. 
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Figure 4-S4 (a) qPCR amplification curves with 2 × 105 copies µL-1 of [AOIM+]-KRAS [Br-] 

(green), [AOIM+]-KRAS [PF6
-] (red), [ABzIM+]-KRAS [Br-] (purple), and [ABzIM+]-KRAS [PF6

-

] (orange) spiked into the buffer compared to a standard (blue). (b) Melt curves following qPCR 

amplification with  2 × 105 copies µL-1 of [AOIM+]-KRAS [Br-] (green), [AOIM+]-KRAS [PF6
-] 

(red), [ABzIM+]-KRAS [Br-] (purple), and [ABzIM+]-KRAS [PF6
-] (orange) spiked into the buffer 

compared to a standard (blue). Sample volume: 20 µL; SSO Supermix concentration: 1x; KRAS 

primer concentration: 1x; ITO concentration: 2 × 105 copies µL-1; DNA concentration: 2 × 104 

copies µL-1. 
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Figure 4-S5 Melt curves associated with KRAS template extracted using [P

6,6,6,14
+][Mn(hfacac)

3
-] 

(green), [N
8,8,8,Bz

+][Mn(hfacac)
3

-] (blue), and [N
8,8,8,Bz

+][Mn(hfacac)
2
(Phtfacac)-] MIL (purple) 

compared against a KRAS standard (blue) following qPCR amplification. 

 

 
Figure 4-S6 Optimization of the amount of ITO relative to the amount of DNA using the 

[P
6,6,6,14

+
] [Mn(hfacac)

3

-
] (green), [N

8,8,8,Bz

+
][Mn(hfacac)

3

-
] (blue), and 

[N
8,8,8,Bz

+
][Mn(hfacac)

2
(Phtfacac)

-
] MILs (purple). [P6,6,6,14+] [Mn(hfacac)3

-] MIL conditions: 

KRAS template concentration: 2×104 copies µL-1, NaCl concentration: 25 mM, sample volume: 

1.0 mL, MIL volume: 8 µL; extraction time: 3 min. [N8,8,8,Bz
+][Mn(hfacac)3

-] MIL conditions: 

KRAS template concentration: 2×104 copies µL-1, NaCl concentration: 25 mM, sample volume: 

1.0 mL, MIL volume: 6 µL: extraction time: 1 min. [N8,8,8,Bz
+] [Mn(hfacac)2(Phtfacac)-] MIL 

conditions: KRAS template concentration: 2×104 copies µL-1, NaCl concentration: 25 mM, 

sample volume: 1.0 mL, MIL volume: 4 µL; extraction time: 1 min. 
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Figure 4-S7 Optimization of the amount of MIL dispersed using the [P6,6,6,14
+] [Mn(hfacac)3

-] 

(green), [N8,8,8,Bz
+] [Mn(hfacac)3

-] (blue), and [N8,8,8,Bz
+][Mn(hfacac)2(Phtfacac)-] (purple) MILs. 

[P
6,6,6,14

+
] [Mn(hfacac)

3

-
] MIL conditions: KRAS template concentration: 2×104 copies µL-1, 

amount of [AOIM+]-KRAS [PF6
-] ITO relative to DNA: 10x, NaCl concentration: 25 mM, 

sample volume: 1.0 mL, MIL volume: 8 µL; extraction time: 3 min. [N
8,8,8,Bz

+
][Mn(hfacac)

3

-
] 

MIL conditions: KRAS template concentration: 2×104 copies µL-1, amount of [ABzIM+]-KRAS 

[Br-] ITO relative to DNA: 10x, NaCl concentration: 25 mM, sample volume: 1.0 mL, MIL 

volume: 6 µL: extraction time: 1 min. [N
8,8,8,Bz

+
] [Mn(hfacac)

2
(Phtfacac)

-
] MIL conditions: KRAS 

template concentration: 2×104 copies µL-1, amount of [ABzIM+]-KRAS [Br-] ITO relative to 

DNA: 10x, NaCl concentration: 25 mM, sample volume: 1.0 mL, MIL volume: 4 µL; extraction 

time: 1 min. 
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Figure 4-S8 Extraction time optimization using the [P6,6,6,14
+] [Mn(hfacac)3

-] (green), [N8,8,8,Bz
+] 

[Mn(hfacac)3
-] (blue), and [N8,8,8,Bz

+] [Mn(hfacac)2(Phtfacac)-] (purple) MILs. [P
6,6,6,14

+
] 

[Mn(hfacac)
3

-
] MIL conditions: KRAS template concentration: 2×104 copies µL-1, amount of 

[AOIM+]-KRAS [PF6
-] ITO relative to DNA: 10x, NaCl concentration: 25 mM, sample volume: 

1.0 mL, MIL volume: 8 µL; extraction time: 3 min. [N
8,8,8,Bz

+
][Mn(hfacac)

3

-
] MIL conditions: 

KRAS template concentration: 2×104 copies µL-1, amount of [ABzIM+]-KRAS [Br-] ITO relative 

to DNA: 10x, NaCl concentration: 25 mM, sample volume: 1.0 mL, MIL volume: 6 µL: 

extraction time: 1 min. [N
8,8,8,Bz

+
] [Mn(hfacac)

2
(Phtfacac)

-
] MIL conditions: KRAS template 

concentration: 2×104 copies µL-1, amount of [ABzIM+]-KRAS [Br-] ITO relative to DNA: 10x, 

NaCl concentration: 25 mM, sample volume: 1.0 mL, MIL volume: 4 µL; extraction time: 1 min. 
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Figure 4-S9 Melt curves associated with the hybridization of a complimentary oligonucleotide 

(orange), 1 nt mismatch (grey), and 2 nt mismatch (yellow) to the [AOIM+]-KRAS [Br-] (a), 

[AOIM+]-KRAS [PF6
-] (b), [ABzIM+]-KRAS [Br-] (c), and [ABzIM+]-KRAS [PF6

-] ITOs (d). 

Sample volume: 20 µL; ITO concentration: 1 ppm; oligonucleotide concentration: 1 ppm; NaCl 

concentration: 50 mM; SYBR Green I concentration: 1x.  
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Figure 4-S10 (a) Agarose gel (1.5%) electrophoresis separation of sheared stDNA (lane 2) 

alongside a 50 bp DNA ladder (lane 1). (b) Extraction of KRAS fragments from a solution 

containing 1000 ng of sheared stDNA using steptavidin-coated magnetic beads and the [P6,6,6,14
+] 

[Mn(hfacac)3
-], [N8,8,8,Bz

+] [Mn(hfacac)3
-], and [N8,8,8,Bz

+] [Mn(hfacac)2(Phtfacac)-] MILs. 

[P6,6,6,14
+] [Mn(hfacac)3

-] MIL conditions: stDNA concentration: 1000 ng/mL; KRAS template 

concentration: 2×104 copies µL-1, amount of [AOIM+]-KRAS [PF6
-] ITO relative to DNA: 10x, 

NaCl concentration: 25 mM, sample volume: 1.0 mL, MIL volume: 8 µL; extraction time: 3 min. 

[N8,8,8,Bz
+][Mn(hfacac)3

-] MIL conditions: stDNA concentration: 1000 ng mL-1; KRAS template 

concentration: 2×104 copies µL-1, amount of [ABzIM+]-KRAS [Br-] ITO relative to DNA: 10x, 

NaCl concentration: 25 mM, sample volume: 1.0 mL, MIL volume: 6 µL: extraction time: 1 min. 

[N8,8,8,Bz
+] [Mn(hfacac)2(Phtfacac)-] MIL conditions: stDNA concentration: 1000 ng mL-1; KRAS 

template concentration: 2×104 copies µL-1, amount of [ABzIM+]-KRAS [Br-] ITO relative to 

DNA: 10x, NaCl concentration: 25 mM, sample volume: 1.0 mL, MIL volume: 4 µL; extraction 

time: 1 min. 
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APPENDIX D 

SUPPORTING INFORMATION ACCOMPANYING CHAPTER 5 

Table 5-S1 Sequences of all oligonucleotides used in this study. 

Name Sequence 

Thiolated BRAF 5’-/5ThioMC6-D/TAGCTACAGAGAAATCTCGA-3’ 

BRAF Forward Primer 5’-TTCATGAAGACCTCACAGTAAA-3’ 

BRAF Reverse Primer 5’-GGATCCAGACAACTGTTCAA-3’ 

WT BRAF Probe 5’-TGGTCTAGCTACAGTGAAATCTCGATG-3’ 

V600E BRAF Probe 5’-TGGTCTAGCTACAGAGAAATCTCGATG-3’ 

WT BRAF Insert TATATTTCTTCATGAAGACCTCACAGTAAAAA 

TAGGTGATTTTGGTCTAGCTACAGTGAAATCTC 

GATGGAGTGGGTCCCATCAGTTTGAACAGTTG 

TCTGGATCCATTTTGTGGATGTAAGAATTGAGG 

CTATTTTTCCACTGATTAAATTTTTGGCCCTGAG 

ATGCTGCTGAGTTACTAGAAAGTCATTGAAGGT 

CTCAACTATAGT 

V600E BRAF Insert TATATTTCTTCATGAAGACCTCACAGTAAAAATA 

GGTGATTTTGGTCTAGCTACAGAGAAATCTCGAT 

GGAGTGGGTCCCATCAGTTTGAACAGTTGTCTG 

GATCCATTTTGTGGATGTAAGAATTGAGGCTATT 

TTTCCACTGATTAAATTTTTGGCCCTGAGATGCT 

GCTGAGTTACTAGAAAGTCATTGAAGGTCTCAAC 

TATAGT 

 

Table 5-S2 Calculated and observed masses for the ITOs synthesized in this study. 

ITO Exact mass 

(monoisotopic) 

m/z (calculated) 

-4 Charged state 

m/z (observed) 

-4 Charged state 

[AOIM+]-KRAS 6548.3200 1636.0800 1630.5602 

[ABzIM+]-KRAS 6526.2408 1636.2681 1630.9911 
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Figure 5-S1 Five-point standard curves generated for the (blue) V600E BRAF and (orange) WT 

BRAF associated with (a) standard reaction with out MIL, (b) reactions containing 0.3 µL of  

[P6,6,6,14
+][Ni(hfacac)3

-], (c) and reactions containing the [N8,8,8,Bz
+][Ni(hfacac)3

-] MIL. 
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Figure 5-S2 Allelic discrimination plots for the (a) standard reaction, (b) reactions containing 

0.3 µL of [P6,6,6,14
+][Mn(hfacac)3

-] MIL, and (c) reactions containing 0.3 µL of [N8,8,8,Bz
+] 

[Mn(hfacac)3
-] MIL. N: NTC, W: 100% WT BRAF, V: 100% V600E BRAF; H: Heterozygous. 

 

 

 
Figure 5-S3 Amplification curves associated with (green) WT BRAF and (blue) V600E BRAF 

associated with (a) the ITO extraction above the optimum annealing temperature (50°C), (b) the 

ITO-MIL extraction below the optimized annealing temperature (40°C), and (c) the ITO-MIL 

extraction at the optimum annealing temperature (45°C). Sample solution: 50 fg·µL-1 V600E 

BRAF, 50 fg·µL-1 WT BRAF, 178 pg·µL-1 ITO, 5% DMSO, 2 mM Tris; sample volume: 1 mL; 

extraction time: 2 min; volume of [P6,6,6,14
+][Mn(hfacac)3

-]: 6 µL. 
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Figure 5-S4 Cq values associated with V600E BRAF extracted from (orange) 25 mM NaCl, 

(blue) 2-fold diluted plasma, (grey) artifical urine, (yellow) 4-fold diluted artificial sputum 

extracted with the (a) [P6,6,6,14
+][Mn(hfacac)3

-] and (b) [N8,8,8,Bz
+][Mn(hfacac)3

-] MIL. *Extraction 

was not performed. 

 
Figure 5-S5 Cq values associated with V600E BRAF extracted with 356 pg·µL-1 of ITO from 4-

fold diluted plasma with (orange) [P6,6,6,14
+][Mn(hfacac)3

-] and (blue) [N8,8,8,Bz
+][Mn(hfacac)3

-] 

MIL.  
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Figure 5-S6 Chromatogram displaying the separation of plasmids containing the (green) V600E 

BRAF and (blue) WT BRAF inserts and sheared plasmids containing the (red) V600E BRAF and 

(yellow) WT BRAF inserts. 
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Figure 5-S7 Standard curves developed by extracting the V600E BRAF from 4-fold diluted 

human plasma, artificial urine, and 2-fold diluted artificial sputum using the ITO-MIL extraction 

method. 
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APPENDIX E 

SUPPORTING INFORMATION ACCOMPANYING CHAPTER 6 

Table 6-S1 Oligonucleotide sequences examined in this study. 

Name Sequence 

Forward β-Actin Primer 5’-GGC GAC GAG GCC CAG A-3’ 

Reverse β-Actin Primer 5’-CGA TTT CCC GCT CGG C-3’ 

Forward Non-target Primer 5’-TTCATGAAGACCTCACAGTAAA-3’ 

Reverse Non-target Primer 5’-GGATCCAGACAACTGTTCAA-3’ 

98 bp Non-target Sequence 5’-TTCATGAAGACCTCACAGTAAAAATAGGTGAT 

TTTGGTCTAGCTACAGtGAAATCTCGATGGAGTGGG 
TCCCATCAGTTTGAACAGTTGTCTGGATCC-3’ 

210 bp Insert 5’-TATATTTCTTCATGAAGACCTCACAGTAAAAA 

TAGGTGATTTTGGTCTAGCTACAGTGAAATCT 

CGATGGAGTGGGTCCCATCAGTTTGAACAGT 

TGTCTGGATCCATTTTGTGGATGTAAGAATTG 

AGGCTATTTTTCCACTGATTAAATTTTTGGCCC 

TGAGATGCTGCTGAGTTACTAGAAAGTCATTG 

AAGGTCTCAACTATAGT-3’ 

 
 

Table 6-S2 Summary of the optimized concentrations of EDTA, MgCl2, BSA, and additional 

SYBR Green 1 required for uninhibited amplification of human genomic DNA with 0.3 µL of 

MIL in the buffer. 

MIL EDTA 

Concentration 

(mM) 

Additional MgCl2 

Concentration 

(mM) 

BSA 

Concentration 

(mg·mL-1) 

Additional 

SYBR Green I 

Concentration 

[P6,6,6,14
+][Ni(hfacac)3

-] 0 0 0 1x 

[N8,8,8,Bz
+][Ni(hfacac)3

-] 0 0 0 1x 

[OMIM+][Ni(hfacac)3
-] 0 0 0 1x 

[C14MIM+][Ni(hfacac)3
-] 0 1.25 0 1x 

[P6,6,6,14
+][Ni(Phfacac)3

-] 0 0 0 1x 

[P6,6,6,14
+][Ni(tfacac)3

-] 0 0 0 0x 

[P6,6,6,14
+][Co(hfacac)3

-] 0 0 0 2x 

[P6,6,6,14
+][Dy(hfacac)4

-] 6 7.5 1.5 1x 

[P6,6,6,14
+][Gd(hfacac)4

-] 6 6.5 1.5 1x 

 

 

 



www.manaraa.com

184 

 

 

Figure 6-S1 Standard curves of human genomic DNA generated with 0.3 µL of the (a) 

[P6,6,6,14
+][Ni(hfacac)3

-], (b) [N8,8,8,Bz
+][Ni(hfacac)3

-], (c) [OMIM+][Ni(hfacac)3
-], (d) 

[C14MIM+][Ni(hfacac)3
-], (e) [P6,6,6,14

+][Ni(Phtfacac)3
-], (f) [P6,6,6,14

+][Ni(tfacac)3
-], (g) 

[P6,6,6,14
+][Co(hfacac)3

-], (h) [P6,6,6,14
+][Dy(hfacac)4

-], and (i) [P6,6,6,14
+][Gd(hfacac)4

-] MILs in the 

qPCR buffer.  

 

 

Figure 6-S2 Five-point standard curve for (a) human genomic DNA and (b) a 98 bp DNA 

fragment. 
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Figure 6-S3 Extraction of a non-targeted 98 bp DNA sequence from (a) whole blood and (b) 2 

mM Tris buffer using MILs. Sample volume: 50 µL; DNA concentration: 50 fg·µL; MIL 

volume: 2 µL; extraction time: 1 min. 
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Figure 6-S4 Optimization of the volume of MIL dispersed in 2-fold diluted blood to lyse cells 

and extracted human genomic DNA for the (a) [P6,6,6,14
+][Ni(hfacac)3

-], (b) 

[N8,8,8,Bz
+][Ni(hfacac)3

-], (c) [OMIM+][Ni(hfacac)3
-], (d) [C14MIM+][Ni(hfacac)3

-], (e) 

[P6,6,6,14
+][Ni(Phtfacac)3

-], (f) [P6,6,6,14
+][Ni(tfacac)3

-], (g) [P6,6,6,14
+][Co(hfacac)3

-], (h) 

[P6,6,6,14
+][Dy(hfacac)4

-], and (i) [P6,6,6,14
+][Gd(hfacac)4

-] MILs. Sample volume: 50 µL; 

extraction time: 1 min. *Cq values fell outside the standard curve. **MIL could not be 

recovered. 

 

 

* 
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Figure 6-S5 Extraction time optimization for the (a) [P6,6,6,14
+][Ni(hfacac)3

-], (b) [N8,8,8,Bz
+] 

[Ni(hfacac)3
-], (c) [OMIM+][Ni(hfacac)3

-], (d) [C14MIM+][Ni(hfacac)3
-], (e) [P6,6,6,14

+] 

[Ni(Phtfacac)3
-], (f) [P6,6,6,14

+][Ni(tfacac)3
-], (g) [P6,6,6,14

+][Co(hfacac)3
-], (h) [P6,6,6,14

+] 

[Dy(hfacac)4
-], and (i) [P6,6,6,14

+][Gd(hfacac)4
-] MILs. Sample volume: 50 µL; extraction time: 1 

min. *Amplification did not occur.  
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Figure 6-S6 Standard curves generated by spiking a 98 bp DNA sequence into the qPCR 

reaction after dispersing the (a) [N8,8,8,Bz
+][Ni(hfacac)3

-] and (b) [P6,6,6,14
+][Ni(tfacac)3

-] MILs in 

whole  blood. Extraction time: 1 min; MIL volume: 2 µL. 

 

 

Figure 6-S7 DNA degradation in the MIL over time at 25 °C after dispersing the (red) 

[P6,6,6,14
+][Ni(hfacac)3

-], (orange) [N8,8,8,Bz
+][Ni(hfacac)3

-], (yellow) [OMIM+][Ni(hfacac)3
-], 

(green) [C14MIM+][Ni(hfacac)3
-], (teal) [P6,6,6,14

+][Ni(Phtfacac)3
-], (light blue) [P6,6,6,14

+] 

[Ni(tfacac)3
-], (navy blue) [P6,6,6,14

+][Co(hfacac)3
-], (violet) [P6,6,6,14

+][Dy(hfacac)4
-], and (grey) 

[P6,6,6,14
+][Gd(hfacac)4

-] MILs in (a) a 50 pg·µL-1 human genomic DNA solution in 2 mM Tris 

buffer and (b) whole blood. *Cq values fell outside the standard curve. +Amplification did not 

occur. 
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Figure 6-S8 Images showing the Wright stains of blood spiked with 2.2 µmol NiCl2, 2.2 µmol 

CoCl2, 1.8 µmol DyCl3, and 1.8 µmol GdCl3. 

 

Figure 6-S9 Images of Wright stains of blood spiked with 6.7 µmol hexafluoroacetylacetone, 6.7 

µmol phenyltrifluoroacetylacetone, and 6.7 µmol trifluoroacetylacetone. 
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Figure 6-S10 Images revealing Wright stains of blood spiked with 1 µL [P6,6,6,14+][NTf2-], 1 

µL [N8,8,8,Bz
+][NTf2

-], 1 µL [OMIM+][NTf2
-], and 1 µL [C14MIM+][NTf2

-]. 
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