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LC-MS/MS METHOD DEVELOPMENT FOR QUANTITATION OF 

NICOTINE IN TOENAILS AS A BIOMRAKER FOR SECONDHAND 

SMOKE AND STANDARD LIPOPROTEIN MIMETIC MODELS 

Xiyang Li 

Dr. C. Michael Greenlief, Dissertation Supervisor 

Abstract 

Passive smoke or (secondhand smoke) is defined as when a non-smoker is 

unintentionally exposed to a smoking environment from cigarettes, cigars, or pipes. 

Passive smoke can result in adverse health effects leading to heart disease, asthma 

attacks, lung cancer, and other major diseases. Smoke from active smokers has been 

extensively investigated by a number of researchers. These studies have examined 

methods for the analysis of nicotine and its metabolites. In contrast, the development of 

methods to follow nicotine and its metabolites in those exposed to passive or secondhand 

smoke, is lacking. Here we present a method developed for the determination of nicotine 

in toenails. We will describe a method that involves the pretreatment of toenails, 

followed by a liquid-liquid extraction. The extract is then analyzed by reverse phase high 

performance liquid chromatography (HPLC) – ion trap mass spectrometry. Some of the 

figures of merit for this method include quantification of the nicotine concentration level, 

standard curve linearity (R2 > 0.99), limit of detection (LOD = 0.005 ng/mg at m/z 163), 

and limit of quantitation (LOQ = 0.08 ng/mg), over the concentration range of 0.08 to 20 

ng/mg. Toenail samples were individually collected for research purposes, including a 

non-smoker never exposed to secondhand smoke, non-smoker exposed to secondhand 
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smoke, and an active smoker. The results indicted mean of nicotine content in non-

exposed, exposed, and active smoker toenails samples are 0.103, 0.415, and 1.75 ng/mg 

respectively. This study also compared a solid phase extraction method. 

As a complex of globular proteins, lipoproteins, plays an essential role in the transport 

and metabolism of cholesterol. The level of several metabolites in blood are controlled by 

several mechanisms due to its profile. Development of common assays for lipoproteins 

have resulted in detection of abnormalities and can help physicians assess tissue injuries 

and disordering in early stages. Natural lipoprotein analysis related to cardiovascular 

disease is challenging even when utilizing modern analytical instrumentation. In this 

study, we developed mimetic lipoprotein models and characterize them using UV-Vis 

and fluorescence spectrophotometry to gain a better understanding of lipoproteins. An 

independent assay, the Amplex Red Cholesterol Assay, was also performed and used to 

support the mimetic lipoprotein model used in this study.   

Cardiovascular health is associated with different classes of lipoproteins and the 

composition of each component in lipoproteins. This study demonstrated that the carbon-

carbon double bond of cholesterol (1668 cm-1) and the peptide backbone of tyrosine 

resonance are enhanced in deep ultraviolet resonance Raman (dUVRR) spectra (851, 

1171, 1205, 1266, 1596, and 1615 cm-1). The excitation of wavelength 197 nm 

characterized features of mimetic lipoprotein models. Other measurements, such as 

circular dichroism (CD), UV-vis, and fluorescence spectroscopy provided spectroscopic 

information to identity and characterize the mimetic lipoprotein models.  
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Chapter 1: Introduction 

 

1.1 Tobacco 

The word tobacco is derived from “tabaco” in Spanish and Portuguese. Tobacco was 

first discovered in ancient South America. Later on, tobacco was imported to Europe and 

cultivated in the 16th century. Originally when imported in Europe, tobacco was used as a 

cure for health problems. Cigarettes, a product of tobacco, became popular worldwide 

until it was shown to have negative health effects on humans.1 To date, cigarettes are a 

heavily traded commodity and are still seen as a way of recreation. There is a significant 

amount of medical research about the effect of cigarettes in health issues such as cancer, 

cardiovascular disease, chronic obstructive pulmonary disease, miscarriage, and fetal 

underdevelopment.2 Worldwide, consumption of tobacco causes about 7 million deaths 

pear year and predictions are that deaths may climb to 8 million per year by 2030 if 

regulation and control of tobacco does not change.3,4 Smoking-related disease impacts 

over nearly 16 million Americans. Smoking can cause cancer, heart disease, stroke, lung 

disease, diabetes, and chronic obstructive pulmonary disease. More than 48,0000 deaths 

due to active smoking are reported each year in the United States. Moreover, the number 

of deaths per year due to secondhand smoke exposure is nearly 420,000.5 

 

1.2 Nicotine 

Nicotine is a natural alkaloid component of tobacco and represents approximately 3% 

of the total weight in tobacco. Nicotine was first isolated from Nicotiana tabacum in 

nightshade family. Red pepper, tomatoes, and potatoes are also in the nightshade family.6 

The nicotine structure, 3-[(2S)-1-methylpyrrolidin-2-yl]pyridine, is composed of two 
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nitrogen-containing heterocycles rings and is presented in Figure 1.1. Nicotine appears as 

a dark brown or pale yellow oil liquid. Nicotine is water soluble, but is light sensitive.7 

 

 

 

 

 

 

 

 

Figure 1. 1  Models of the nicotine structure. 

 

1.3 Nicotine Absorption Pathways and Terminals 

Dried tobacco blends with tar and nicotine is distilled from burning tobacco. It is then 

inhaled into the respiratory system. Alternatively, nicotine is easily absorbed into fabric 

or cloth and eventually enters human body fluids through skin exposure.8,9 In human 

autopsy research, liver, kidney, spleen, brain, and lung are the highest affinity sites for 

nicotine. Nicotine also accumulates in gastric juice, saliva, and breast milk.10,11 Typically, 

nicotine concentrations measured in blood range from 20 to 60 ng/mL and in urine are 

1000 to 5000 ng/mL.12,16 In addition, research indicates nicotine with can have a longer 

period of accumulation in keratic matrices, such as hair and toenails.17,18  
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1.4. Tobacco Exposure Related Diseases and Health Issues 

1.4.1 Cancer 

Nicotine can promote the formation of tumor cells. The cells are damaged, with 

suppressed cell function, and increase in proliferation and survival. Nicotine and its 

metabolite, cotinine, were discovered in studies about lung carcinogenesis. The 

antiapoptotic pathway was inhibited by nicotine and cotinine promoted lung 

tumorigenesis19. In addition, smokers with the CHRNA3 and CHRNA5 genes have 

higher carcinogenic nitrosamines and level of nicotine to induce lung cancer20.  Liver 

DNA mutation occurred when the nicotine derivative, nitrosamine 4-

(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK), was involved and can result in 

gastro- intestinal carcinogenesis21.  

 

1.4.2 Cardiovascular Disease 

Nicotine can cause the adrenal gland to release a monoamine neurotransmitter, 

catecholamine, that increases heart rate, hypertension, and cardiac contractility that 

eventually may lead to heart22 malfunction. Atherosclerotic plaque formation resulted 

from nicotine alteration of vascular smooth muscle and endothelial cells in terms of their 

structure and functional characteristics23. 

 

1.4.3 Renal System 

A high rate of chronic kidney disease was found in the smoking population. Studies of 

these smokers have found decreasing or failure of glomerular filtration rates that regulate 
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renal system detoxing, filtration, and acid-base balance. The end-stage of the chronic 

kidney disease will cause death24. 

1.4.4 Maternity 

Low birth weight, spontaneous abortion, high infant mortality, and other childhood 

cognitive and learning problem are related to maternal smoking. Most studies have 

shown that tobacco alkaloids (nicotine, NNK, NNAL(4-(methylnitrosamino)-1-(3-

pyridyl)-1-butanol)) were found in fetal urine, umbilical cord blood, and amniotic fluid25. 

 

1.5 Biomarker 

1.5.1 Landmark of Biomarker in Clinical Research 

In general, biomarkers serve as indicators for potential disease or the diagnosis of 

disease. Biomarkers are the result of biological processes, pathogenic processes, or 

pharmacologic responses. Biomarkers can be used for diagnostic purposes and are 

broadly applied for the evaluation and assessment of drug development or therapy.26 In a 

noted study, it was discovered that increases in a glucose, insulin and homeostasis model 

assessment insulin resistance (HOMA-IR) were associated with cardiovascular disease in 

adults without diabetes.27 Another example of a recent biomarker study by Courtney et al, 

reported changes in amyloid deposition as known as, β-amyloid 42 or Aβ-42, is a primary 

constituent of amyloid plaque, and increased levels of both total tau and 

hyperphosphorylated tau resulted in cognitive decline by measuring cerebrospinal fluid in 

normal middle aged health people. Based on their results, it was possible to predict the 

later risk of Alzheimer’s disease.28 Biomarkers greatly increase the values in clinical 
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research and clinical practice. Biomarkers have proven to be precise and specific in 

treatments in epidemiology. 

 

1.5.2 Measurement of Biomarker of Tobacco Exposure 

When nicotine enters the human body, it is processed and metabolized by liver 

enzymes. Nicotine and its metabolites are crucial to the understanding and assessing of 

tobacco exposure. Measurements of nicotine and its metabolites have provided 

significant support in smoke and non-smoke research. In modern analytical chemistry, 

quantitative analysis of nicotine and its metabolites are a growing area of research. 

Cutting-edge analytical instruments are more frequently used. These include, for 

example, gas chromatography, high performance liquid chromatography coupled with 

mass spectrometry or high resolution nuclear magnetic resonance (NMR) to study 

tobacco exposure to smokers and those exposed to secondhand smoke. 

 

1.5.2.1 Blood 

Nicotine concentrations were reported range from 5 to 30 ng/mL, with a mean of 10.9 

ng/mL in human plasma. This measurement was determined by gas-chromatography-

mass spectrometry (GC-MS). This study accessed the demographic, smoking status, and 

psychological predicator, along with nicotine concentration in human plasma.29 Similarly, 

two other studies quantitatively measured nicotine and cotinine. The method involved 

simple liquid-liquid extraction from human plasma between non-smokers and 

smokers.30,31 A comparative study of those exposed to secondhand smoke and smokers, 
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measured nicotine using radioimmunoassay (RIA) and enzyme-lined immunoassay 

(ELISA) to determine which methods are more efficient in epidemiological studies of 

human tobacco risks.32   

 

1.5.2.2 Urine 

Microextraction by packed sorbent (MEPS) methods were applied in the analysis of 

urine. The MEPS method uses a packing material similar to that used in solid phase 

extraction (SPE), but it often involves fewer steps and is relatively easy to perform 

compared to SPE. This study was limited by sample size, but the preparation methods 

and instrumentation used are worth considering.33 Alternatively, a novel high-throughput 

LC-MS/MS can analyze more than 10 nicotine metabolites and nicotine in large 

population of urine sample in several proposed studies. The results of among these 

studies achieved high sensitivity and good reproducibility. Results revealed among 

measurements of both active smoke and secondhand smoke, measured levels of nicotine, 

cotinine and other metabolites are higher than other biological fluids that was considering 

a reliable evidence of relative accurate tobacco exposure, and its non-invasive collection 

more likely to be popular in these studies. In addition, with accurate level of nicotine, 

cotinine, and other metabolites can be measured by LC-MS/MS to target their role in 

lung cancer.34,35,36,37,38,39,40,41 

 

1.5.2.3 Saliva 

Saliva is the first body fluid to make contact with cigarette vapor as it enters the body. 

Vapor or gas phase constituents contain toxic chemicals including methanol, carbon 
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monoxide (CO), and other cigarettes derivative agents. High resolution 1H-NMR detected 

the presence of methanol, propane-1,2-diol and other cigarettes derivative agents in 

collected human saliva. These results provided valuable information about the 

compounds that are unable be degraded in human saliva, as well as those that are 

oxidized in the mouth.42 Thiocyanate can be used as a biomarker for tobacco smoke. It 

can be used to verify the smoking status during pregnancy and can be used to predict 

birth weight.43,44 A study applied capillary electrophoresis (CE) methods to detect and 

quantitatively analyze thiocyanate in smokers’ saliva. CE is able to handle large numbers 

of samples in support of clinical laboratories and provides valuable data in public health 

research.45 Direct detection of nicotine is not readily done since nicotine has a short half-

life time in saliva. Instead, salivary cotinine is mostly measured from secondhand smoke. 

A study group targeted smokers and those exposed to secondhand smoke and measured 

the concentrations of cotinine by HPLC-MS/MS to improve the precision and accuracy 

compared to CE. The study also found the potential of using cotinine as biomarker for 

optimizing pharmacotherapies for tobacco dependence.46 

 

1.5.2.4 Hair 

Analysis of hair from those exposed to secondhand smoke is popular in research. 

Nicotine, and its metabolites, have been measured in hair. The presence of these 

compounds could be followed for secondhand smoke exposure for up to at least 30 days. 

Easy sample preparation in the analysis resulted in reducing day to day variability. 

However, it requires more sensitive instruments to make the measurements. Liquid 

chromatography or gas chromatography are routinely used for nicotine and its 
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metabolites analysis. Some other approaches use LC/GC coupled ECD (high 

performance liquid chromatography electrochemical detector/gas chromatography 

electron capture detector) or MS to perform quantitative analysis. The sensitivity of the 

instrumental methods were reported with LODs between 0.02 ng to 0.2 ng nicotine/mg 

hair).47,48,49,50 Nicotine concentrations were associated with race and hair color. The role 

melanin was found to be important as melanin has a high affinity to nicotine. Nicotine 

concentrations also depended on age. Younger children had higher concentration of 

nicotine compared to older children with the same secondhand smoke exposure.51,52 

 

1.5.2.5 Toenails 

Toenails are suitable for studying longer time exposures compared to hair. First, 

toenails grow slowly and reflect cumulative nicotine concentrations absorbed from blood 

circulation. Second, toenails were easily stored in ambient environments and are easy to 

collect. Wael et al studied toenail nicotine levels as a biomarker among smokers with and 

without lung cancer. They showed that the mean toenail nicotine level was 0.95 ng/mg of 

toenail in smokers with lung cancer. Interestingly, a statistical method (univariate and 

multivariate) analyzed highest versus lowest quintiles of toenail nicotine levels for 

smokers. In this study, the results predicted the risk for lung cancer based nicotine 

levels.53 There a few studies that reported nicotine levels for those exposed to secondhand 

smoke using analytical methods including HPLC-ECD and GC-MS. The LODs varied 

from 0.025 to 0.1 ng/mg toenail.54,55 
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1.6 Plasma Lipoprotein 

Plasma lipoproteins are macromolecules with complex particles. Phospholipids 

constitute the outer shell and cholesteryl ester and triglycerides are contained in the inner 

core. Free cholesterol and apolipoprotein bind on the lipoprotein surface and assemble to 

form a spherical like structure as shown in Figure 1.2. The primary role of lipoprotein is 

transportation. Since cholesterol and triglycerides are water insoluble, they are 

transported by lipoprotein. The secondary function is to transport toxic compounds, such 

as bacterial endotoxin. Transportation of triglycerides and cholesterol is important. Cells 

require cholesterol for steroidogenesis and triglycerides play a key component of 

metabolism.57 

 

 

 

  

 

 

 

 

 

 

 

Figure 1.2 Lipoprotein Structure. Figure retrieved from The plasma lipoprotein: Structure 

and metabolism. Copyright©1978 by Annual Reviews, Inc.56 
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Figure 1.3 Lipoprotein Classifications. Figure retrieved from Study on the use of AFM to 

make traceable measurements of lipoprotein size distribution. Copyright© 2021 by 

IEEE59 

 

Plasma lipoproteins are classified by particle size, lipid composition, and apolipoproteins 

as shown in Figure 1.3. Major classes of plasma lipoproteins are HDL (high density 

lipoproteins), LDL (low density lipoproteins), and VLDL (very low density lipoproteins). 

These different classes of lipoproteins have been studied in cardiovascular disease for 

decades.58 

 

 

1.6.1 HDL-High Density Lipoprotein 

 HDL (high density lipoprotein) has the smallest size in the lipoprotein group. HDL 

carries excess cholesterol from peripheral tissue back to the liver, where it is removed 

from the body. The levels of HDL are inversely associated cardiovascular disease. HDL 

also plays functions in anti-inflammatory, anti-oxidant, and anti-atherogenic pathways. 
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Levels of HDL measured above 1.6 mmol/L indicated healthy individuals.60,61 Analytical 

methods have studied HDL particles in terms of size and density. Most frequently, NMR 

and electrophoresis are used to make these measurements. Different sizes and densities of 

the HDL subunit are distinguished by type of apolipoproteins.62,63 MALDI-TOF-MS/MS 

and LC-ESI-MS have been used to determine the compositions of HDL.64,65   

 

1.6.2 LDL-Low Density Lipoprotein 

 Low density lipoproteins enrich cholesterol and carry the majority of cholesterol in 

body circulation. High levels of LDL resulted in higher risks of heart disease, obesity, 

type 2 diabetes and tissue infections. LDL also contains subunits based on their sizes and 

density. Smaller sized LDL retains a longer in arterial wall and eventually accrued 

cholesterol to block blood vessel, known as atherosclerosis.66,67 The levels of LDL can be 

used to help evaluate the risk of heart disease. A precipitation and ultracentrifugation 

method was proposed to measure the concentration of apolipoprotein B in LDL to predict 

the risk of coronary disease.68,69 In addition, a HPLC method provided a guideline to 

assess of the levels of LDL more accurately and avoid variations. This method used gel 

permeation chromatography to separate and identify the sizes of LDL and the results the 

study supported the need for further work on atherosclerosis.70  

 

1.6.3 VLDL-Very Low Density Lipoprotein 

 VLDL is produced in the liver. VLDL mainly carries triglycerides and transfer 

triglycerides to tissues. The biggest difference between VLDL and LDL is the amount of 

cholesterol and triglycerides, in other words, LDL carries more cholesterols instead of 
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triglycerides. Similar to LDL, VLDL levels determine the risks of coronary artery disease 

and heart disease. Particularly, VLDL releases from the liver into the bloodstream and is 

eventually transformed into LDL. There are few assays to directly measured VLDL 

levels. Thus, triglycerides levels are measured and indirectly indicate the levels of VLDL. 

A recent study indicated a direct assessment level of VLDL by using an assay called 

mass sensitive sensor with molecularly imprinted polymers. This assay provided faster 

analysis of serum with less sample pre-treatment. The assay also had a good linear 

quantitative range and high sensitivity (limit of detection at 1.5 mg/dL).71  

1.7 Biomimetic lipoproteins 

 The development of natural lipoproteins research has been impeded due to the low 

yield of lipoproteins in serum. Moreover, isolation of lipoproteins is challenging and 

requires high cost and sensitive instrumentation, such as size exclusion liquid 

chromatography,72 HPLC-GPC (gel permeation column)73 or gel electrophoresis.74 

Alternately, biomimetic lipoproteins have drawn attention in lipoprotein research. 

Researchers can synthesize lipoprotein particles in a mimetic model to provide feasibility 

of research in native lipoproteins and also can serve as targets in gene therapy, nucleic 

acid delivery, and cancer chemotherapy but not in cardiovascular treatment.75,76 77 

Recently, several studies have provided mimetic models of high density lipoproteins to 

reconstitute structures along with drug, combining in nanoparticles to target 

atherosclerosis treatments.78  
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1.8 Analytical Instrument Overview 

1.8.1 HPLC-MS 

 High performance liquid chromatography (HPLC) is widely applied in small and large 

molecular separation, identification, and quantitation. HPLC have been an essential 

analytical technique in research and industry since it was first introduced in 1970. HPLC 

partitions targeted molecules by pressuring liquid solvent mixing with target samples 

through high pressure pumps. A column attached to an HPLC separates compounds by 

interactions with the column-packing material. The first 6000-psi HPLC devices were 

introduced 1972 with acronym HPLC-high pressure/high performance liquid 

chromatography. Since 1980, developing new methods and improving detection 

empower HPLC more rapidly and accurately.79 HPLC coupled with mass spectrometry 

improves sensitivity and provided profiles and identification of each molecule. Mass 

spectrometry measures the mass to ratio (m/z) of ions. An ion trap mass spectrometer is a 

type of mass analyzer. Ions moved through a four symmetrically arrange electrodes that 

has a combined RF/DC voltage supplied as shown in Figure 1.4.  

 

 

 

 

 

 

 

Figure 1.4 Representative ion trap schematic.81 
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Different m/z values can be transmitted to detector by changing the RF/DC voltage.80 

HPLC-MS is a combinatory analytical technique widely using in drug development, trace 

analysis, environmental analysis, and pharmaceutical research. With HPLC high 

specificity and robust handling complex mixtures, application of HPLC-MS in 

quantitative analysis will be discussed in next chapter.   

 

1.8.2 dUVRRs-deep UV-Vis Resonance Raman Spectroscopy 

 The Raman effect is named after physicist C.V Raman. This effect describes an 

incident photon that interacts with a molecule resulting in an energy state transition. This 

process is initiated from vibrational states and molecules were excited creating photon 

scattering, and eventually relax back to the state with either less (stoke scattering) or 

greater (anti-stoke scattering) than original energy states as shown in Figure 1.5. This 

process causes energy lost in the photon and difference frequency of photon referred 

Raman scattering. The scattered frequencies were recorded as Raman shift, cm-1. The 

excitation wavelength can be with UV light (λexc) is used to generate the signal intensity 

for Raman scattering. For an example, λexc=228 nm can generate a 500-fold stronger 

signal than at λexc=532 nm. Conventional Raman suffers from a fluorescence background 

that interferences in the analysis of many complex structures. Thus, a novel deep UV-Vis 

Resonance Raman spectroscopy (dUVRRs) was introduced avoid interference issues. 

Compared to conventional Raman, resonance Raman is able to coincide with electronic 

transitions, more specifically, information about the structure of molecules and properties 

accompanied with electronic transitioning. Furthermore, the deep UV-Vis (λexc < 210 nm)  
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Figure 1. 5 Jablonski diagram of Raman scattering.82 

 

enhanced Raman signal for some complex structure samples is very sensitive. dUVRRs 

has the advantage of selectivity since signal enhancement of Raman occurs only during 

electronic transitioning matched to the laser wavelength. Thus, this can be used to study 

particular molecules in complex samples.83,84,85  
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Chapter 2: LC-MS/MS Method Development for Quantitation of Nicotine in 

Toenails as a Biomarker for Secondhand Smoke 

 

2.1 Introduction 

In general, active tobacco smoking can lead to cancer and cardiovascular disease.1,2 

Secondhand smoke, also known as environmental tobacco smoke, has been classified as a 

class A carcinogen, and is implicated in the same diseases as active tobacco smoking.3 A 

report published about people exposed to secondhand smoke showed that there was a 

higher risk of lung cancer (about 1.3-fold) compared to people not exposed to 

secondhand smoke. Biomarkers play important roles of identification of human disease. 

They can be found in blood, urine, body fluid, and tissue samples. Nicotine acts as a 

biomarker of exposure to smoking environments and is crucial in understanding 

mechanisms for human disease. Measurements of nicotine concentrations in body fluids, 

such as blood and saliva, are also commonly used by clinical researchers to understand 

both active smokers and people exposed to secondhand smoke connecting to its role in 

disease.4,5 One of tobacco’s main components is nicotine. Nicotine is easily absorbed by 

humans and can be detected in blood, serum, and other body fluids. This project is 

targeting the analysis of nicotine concentration in toenails. Less contamination from 

external sources, slow growth, easy collection and storge make toenails a popular choice 

in forensic and clinical studies. Additionally, analytes in toenails can be attributed to 

cumulative exposure over a longer period, specifically to studies of chronic disease.6,7 

A previous study of human toenails for the presence of nicotine was reported by Irina.8 

This study quantitatively measured the nicotine content from secondhand smoke in 

human toenails by applying GC-MS. However, this GC-MS method gave quantitation 
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limits with high background noise.8 Another study of nicotine content in human hair was 

reported by Mahoney.9 This study used HPLC-ED (high performance liquid 

chromatography with electrochemical detection). Even though this instrumental method 

used HPLC-ED, decreased selectivity resulted in increased background noise. Recent 

quantitative analysis of hair for nicotine content has improved its quantitation limits and 

selectivity by using liquid chromatography-mass spectrometry (LC-MS).10-12 However, 

studies examining the use of study human toenails exposed to secondhand smoke with 

using HPLC-MS are lacking. 

In this study, we describe the development of a method to measure quantitatively the 

concentration of nicotine in human toenails. High performance liquid chromatography 

and ion trap mass spectrometry are applied to investigate the nicotine concentration levels 

in toenails from individuals exposed to secondhand smoke. High performance liquid 

chromatography, equipped with C18 reverse phase column to provide robustness of 

separation, less time analysis, good peak shape, coupled with electron spray ionization 

mass spectrometry can provide a quantitative, highly selective and sensitive method for 

analysis.13 

  

2.2 Materials and Methods 

2.2.1 Chemicals 

Analytical grade nicotine was purchased from Sigma-Aldrich. The internal standard 

nicotine-d3 ((±)-nicotine-d3 in ethanol) was purchased from Cayman Chemical. 
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Methylene chloride, isopropyl, and diethyl ether used for extractions were purchased 

from Fisher Scientific (Hampton, NH). All solvents were HPLC grade or ACS certified.   

2.2.2 Standard and Sample Preparation 

 A stock solution of 10 mg/L of nicotine and a solution of 1 mg/L of the internal 

standard were prepared in 0.01 % formic acid in 80:20 H2O/ACN (v/v). Standard 

solutions were prepared by serial dilution. 100 µL of a nicotine standard and 50 µL of the 

internal standard were added to the low nicotine toenail digest (no exposure to 

secondhand smoke) before extraction. Calibration curves covered the range from 8 to 

2000 pg/mg for the spiked samples. The calibration curve was then used to aid in the 

quantitation of the unknowns. Samples were collected from volunteers who were friends 

of the author for quality control and sample analysis. The samples were clipped from 10 

toes and 10 to 30 mg of toenails were enough for purpose of analysis. Sample preparation 

and analysis in this research were similar to a previous study of hair samples.9 The 

sample preparation steps involved washing with dichloromethane (90 min), digestion at 

50°C overnight in 1 M of NaOH, and then a liquid-liquid extraction was performed with 

diethyl ether. The obtained organic phase was dried under nitrogen at 35°C. The 

methodology agreed with a previous study that reported no difference in results when 

using air or nitrogen for evaporating the diethyl ether, so a nitrogen stream was used to 

dry all extractions.9 Furthermore, the addition of 0.01% HCl in methanol in ether layer 

increased the stability of the chloride salt of nicotine without loss of nicotine content.16 

The dried residue was redissolved in 100 µL of the HPLC mobile phase and transferred 

to HPLC autosampler vials with polypropylene inserts. The injection volume for the 

HPLC was 5 µL. 
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2.2.3 HPLC Conditions 

The HPLC-MS analysis were performed using Perkin Elmer series 200 HPLC system 

coupled to a ThermoFinnigan LCQ-Deca XP plus ion trap. A reversed phase C18 column 

(5 µm particle size, 2 mm × 150 mm, Phenomenex) was used and held at 30°C. The 

mobile phase consisted of 80% (A) water and 20% (B) acetonitrile both in 0.1% formic 

acid. The flow rate was 0.2 mL/min and the isocratic elution was run for 5 min.  

 

2.2.4 MS Detector 

The mass spectrometer was operated in the positive-ion mode. The electrospray 

ionization (ESI) source used an ion-spray voltage of 4.3 kV. Nitrogen gas was used as the 

auxiliary and sheath gases with a flow rate of 20 L/min and 45 L/min, respectively. A 500 

µL Hamilton syringe (Reno, NV) was used in the ESI-MS syringe pump and flow rate 

was set up to 200 µL/min to performed direct injection analysis. Helium gas was used for 

collision induced dissociation (CID) of ions. The collision energy was set to 31%. The 

capillary temperature was set to 225°C and capillary voltage was 3.0 V. The maximum 

inject time was 200.03 ms and the total number of microscans was set to three.  

 

2.3 Results and Discussion 

2.3.1 HPLC-MS 

Nicotine (analytical grade standard) was used in the quantification of nicotine levels in 

toenails for this study. Sample preparation in this research was similar to a previous study 
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of hair samples.9 ESI-MS direct injection were firstly performed to identify nicotine and 

nicotine-d3 in mass spectra. Mass spectrometry analysis of nicotine gave a protonated 

molecule, [M+H]+, at m/z 163 Da (Figure 2.1). Applied collision energy described in 

methods and material section and generated two major fragmentation ions were observed 

at m/z 132 and m/z 106 Da. The fragment ion with the loss of 31 Da (from the parent ion) 

was due to the methylamine group from the heterocyclic ring and loss of 57 Da was due 

to N-methylamine from pyrrolidine ring, as seen in Figure 2.1. Similar to the nicotine 

standard, nicotine-d3 was selected for the internal standard. The MS/MS spectrum of 

nicotine-d3 (Figure 2.2) showed has similar molecular weight to nicotine and identical 

fragmentation ions, these features give precision in quantitative analysis.  The purpose of 

performing direct injection in ESI-MS to applied tuned mass spectral signal in 

accordance with HPLC-MS. In addition, nicotine-d3 has the advantage of allowing for the 

correction of matrix effects and co-elutes with analyte, but is easily distinguished by mass 

spectrometry. 
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Figure 2.1  ESI MS/MS spectrum of nicotine. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2  ESI MS/MS spectrum of nicotine-d3. 
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 Both nicotine and nicotine-d3 eluted at 1.7 min. The MS/MS mode in full scan from 

range m/z 50-200 was used to distinguish the two different nicotine species. In this 

experiment, two channels are used to monitor the eluents. In one channel, an MS/MS 

experiment is performed monitoring the transition of m/z 163 Da → 132 Da. This 

channel is to follow nicotine. In the second channel, the transition is m/z 166 Da → 132 

Da and is for the internal standard, nicotine-d3. Tune methods were achieved from 

previous direct injection for this experiment. Figure 2.3 shows the results from a solution 

containing both types of nicotine. Isocratic elution was performed for the analysis using 

formic acid in water and acetonitrile as the mobile phases. Acetonitrile was selected for 

organic phase because it has higher elution strength leading to shorter analysis times and 

minimized background noise. Formic acid in mobile phase enhances ionization in 

positive mode for ESI of alkaloids. In addition, the reverse phase C18 column has lower 

backpressure to achieve good sensitivity. The addition of a buffer containing salts was 

avoided as mentioned in previous study,9,14 in order to protect the ESI needle from 

clogging. The SIM mode was then used in the acquisition of data for the calibration 

curves and toenail samples. 
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Figure 2.3  Representative MS/MS ion chromatograms. (A) nicotine ion (m/z 163 → 132 

Da) and (B) nicotine-d3 ion (m/z 166 → 132 Da) during isocratic elution both showing a 

retention time of 1.7 minutes. 

B 

A 
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2.3.2 Solid phase extraction results 

  A part of the method development, we tried performing a solid phase extraction 

(SPE) using Sep-Pak Vac C18 Cartridges (Waters, MA) as a comparison to the liquid-

liquid extraction. Two different SPE conditions were examined by using different eluent 

solvents. The first condition was proposed by Zuccaro et al,15 included 7:3 ratio of 

isopropyl alcohol and dichloromethane, with 0.01% of HCl in methanol. The extract 

precipitated and did not dissolve in the HPLC solvent before analysis. Therefore, this first 

condition was not pursued further. The second condition used H2O and methanol to treat 

the toenail sample and added the extracted sample to 0.01% of HCl in methanol. The 

second SPE condition achieved exhibited lower linearity comparing to liquid-liquid 

extraction for toenail sample analysis shown in Table 2.1. 

 

Table 2.1  Comparison of the solid phase extraction methods for the detection of nicotine. 

 

Method Eluent Analyte r2 LOD, ng/mg 

SPE Dichloromethane/isopropyl alcohol  Nicotine N/A N/A 

SPE Methanol Nicotine 0.96 0.1 
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2.3.3 Method Validation 

The developed method was validated for linearity, limit of quantitation, accuracy, 

precision, and recovery.17 A toenail sample was spiked with nicotine and processed. A 

representative MS/MS ion chromatogram is showed as Figure 2.4 and exhibits the same 

retention time as that of the nicotine dissolved in the mobile phase. Calibration standards 

were prepared as mentioned in Section 2.2.2. The ratio of the nicotine peak area to that of 

the internal standard peak were used for creating a standard curve and calculating 

unknowns. The unspiked blank was subtracted from each standard before generating the 

regression line. Typically, a five calibration point curve was generated over the 

concentration range of 0.08 ng/mg to 20 ng/mg. A representative standard curve is shown 

as Figure 2.5. The standard curve is shown for using two different MS/MS ions (m/z 132 

and 106 Da). These two ions are the major fragmentation ions from nicotine. Figure 2.5A 

shows the results using the 132 Da ion. Figure 2.5B are the results using the 106 Da ion.  

 

Figure 2.4  Representative MS/MS ion chromatogram of a nicotine spiked toenail sample.  
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The 132 Da ion is the most intense fragmentation ion and was selected for quantitative 

use. However, the lower mass ion also showed good linearity and can be used as a 

verification ion as needed. 

 

 

 

 

 

 

 

 

Figure 2.5  Nicotine calibration curves using the two major fragmentation ions at (A) m/z 

132 and (B) m/z 106. 

 

 The figures of merit17 for the developed method are summarized in Table 2.2 below. 

The limit of detection (LOD) is 0.005 ng/mg when using a 10 mg toenail sample. The 

limit of quantitation (LOQ), based on RSD < 20%, was determined to be 0.08 ng/mg for 

a 10 mg toenail sample. Both the LOD and the LOQ were experimentally determined by 

serial dilution until the signal to noise ratio was observed to be approximately 3 and 10, 

respectively. The precision (represented by the relative standard deviation, RSD) ranged 

from 0.8%-10.3% and meets the accepted range (RSD < 20%). The recovery18 (RE) was 

determined at three different nicotine concentrations (0.08 ng/mg, 0.125 ng/mg, and 20 

ng/mg), in triplicate, and were assessed by calculating the response of the extracted 

sample with analytes and the response of the post-extracted spiked sample using equation 

A B 
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2.1. Matrix Effect18 (ME) were evaluated in the quantitative toenail analysis using 

equation 2.2. A positive ME stated that ion enhancement. 

 % RE =  [

Response extracted sample 

with analytes

Response post-extracted

spike sample

] × 100                              (2.1) 

 

                                      % ME = ((
Responsepost-extracted spike sample

ResponseSolvent Standard

)-1)×100                           (2.2)  

 

Table 2.2. Figures of merit for the nicotine method. 

 

Validation Parameters 
Toenail 

Nicotine 

Linearity 
   Range (ng/mg)    0.08-20 

r
2 0.998 

LOD (ng/mg) 0.005 
LOQ (ng/mg) 0.08 

Precision (RSD%) 0.8%-10.3%  
Recovery (%, n=3)  

Low Level 93.1%  
Medium Level 88.7% 

High Level 108.2% 
Matrix Effect Positive %, ion enhancement 
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2.4 Application 

 The developed method was tested using toenail samples that were collected from 7 

individuals (author’s friends and their age is over 18 years old). The MS/MS ion 

chromatogram (Figure 2.6) shows the results from an adult exposed to secondhand 

smoke. The retention time matches the standard solution chromatogram as depicted in 

Figure 2.3. For the secondhand smoke group, an individual had at least a 6 month 

exposure to a smoking environment, either from their roommates, partners or colleagues. 

The nicotine levels from the toenails are presented in Table 2.3; including a person 

exposed to secondhand smoke, a person not exposed to secondhand smoke, and active 

smokers. The mean nicotine level of individuals exposed to secondhand smoke and that 

of active smokers were 0.415 ng/mg and 1.75 ng/mg toenails, respectively. These results 

show that the levels of nicotine can be measured in toenails. Further, there is a large 

difference in the amount of nicotine between smokers and those exposed to secondhand 

smoke. Collection of data from a larger number of individuals will be needed to establish 

ranges of nicotine in the two groups. However, the initial results using this method are 

encouraging. It is also presumed that the information obtained from keratinic matrices 

provide a longer-term record of nicotine exposure. Although toenail nicotine levels were 

investigated previously by using HPLC-ECD, no other study has been reported assessing 

toenail nicotine levels using HPLC-MS. Our reported LOD of nicotine in toenails is 

0.005 ng/mg and is lower than that previously reported for electrochemical detector 

analysis in toenails (LOD, 0.05 ng/mg).19 
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Figure 2.6  The nicotine MS/MS ion chromatogram for an adult exposed to secondhand 

smoke.  
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Table 2.3. Nicotine concentration in toenails from a person not exposed to secondhand 

smoke, a person exposed to secondhand smoke, and smoker. 

Group No. subjects 
Mean Nicotine 

(ng/mg) 
Exposed at Home 

Exposed at 

Work 

No exposure to 

secondhand smoke 
3 0.103 ± 0.016 No No 

Exposed to 

secondhand smoke 
2 0.415 ± 0.045 Yes Occasionally 

Smokers 2 1.75 ± 0.04 No No 

 

2.5 Conclusion 

In conclusion, nicotine was successfully extracted by a liquid-liquid extraction method 

from toenails. The concentration of nicotine as measured in these samples using HPLC-

MS. The methods developed here can be used for further tobacco alkaloid studies and in 

epidemiological biomarker studies.  
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Chapter 3: Standard Mimetic Lipoprotein Models 

 

3.1 Introduction 

In a study examining lethal diseases in North America, cardiovascular disease is the 

cause of 3% of all deaths.1 According to the World Health Organization (WHO), there 

are approximately 17.7 million people who died of cardiovascular disease, representing 

one third of all global deaths in 2015.2 High levels of lipoproteins associated with 

cholesterol have been a major risk factor in cardiovascular disease. Apolipoprotein B 

(ApoB-100), LDL (low density lipoprotein) and VLDL (very low density lipoprotein) 

play a critical role in proinflammatory and inflammatory mechanisms.3 In addition, 

previous studies reported plasma cholesterol derived from LDL is predictive of coronary 

artery disease and that the plasma content levels of lipoproteins, such as triglycerides and 

cholesterol ester, may also contribute to cardiovascular disease.4,5,6 In order to elucidate 

these major facts, medicine, biochemistry, and medical chemistry studies have primarily 

focused on developing new methods for prediction, prevention, and treatment of 

cardiovascular disease. 

The structural characteristics of lipoprotein determine its amphipathicity and is based 

on the spherical shape of lipoprotein and its unique biomolecular function. Lipoproteins 

transport hydrophobic molecules in water, blood, and extracellular fluid. The outer shells 

of lipoproteins are made up of the hydrophilic head groups of phospholipids and 

esterified cholesterol, which are oriented towards to the aqueous environment. The 

internal core is comprised of cholesterol esters and triglycerides. Embedded apoproteins 

play a role in receptor proteins and determines the fate, in terms of receptor ligands, for a 
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majority of cells.7 Apolipoproteins also direct the binding to membrane receptors and 

regulate enzymatic activity towards to the normal metabolism of lipoprotein.8 The five 

classes of lipoproteins are defined by their size and density. They are chylomicrons, very 

low-density lipoprotein (VLDL), intermediate-density lipoprotein (IDL), low-density 

lipoprotein (LDL), and high-density lipoprotein (HDL). LDL is recognized as a “bad” 

lipoprotein. Cardiovascular disease and other relevant heart diseases are thought to be 

caused by higher LDL blood levels. LDL transports cholesterol into the body, 

accumulated cholesterol then coagulates on the arterial walls causing thickening and loss 

of elasticity. Conversely, HDL particles are referred as “good”, because HDL functions 

as a “snowplow”, breaking down and removing cholesterol deposited on the arterial 

walls.  

There are a variety of studies examining mimetic lipoproteins. Thaxton and colleagues 

developed and elucidated lipoprotein mimetics for drug delivery.9 Ohashi and Walker 

reported the use of lipoproteins to deliver chemotherapeutic and anticancer drugs.10 

Hayavi developed novel methods of biomimetic lipid supplement for serum free tissue 

culture.11  

Although Brown and Goldstein were the first to define receptor-dependent 

atherosclerosis,12 there are studies that have demonstrated and rendered the mimetic, or 

synthetic lipoprotein, as a model for research of cardiovascular disease or heart disease. 

Most clinical research has focused on using native lipoprotein, but the use of natural 

lipoprotein forms largely suppressed the experimental outcomes and analysis. This has 

been due in part to that it is not easy to collect human plasma infection and endotoxin 

free.  This effect results in high cost and inconsistency to fulling research requirements 
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and only small quantities are obtained.13,14 Moreover, there is the propensity for 

apoprotein contained in reconstituted LDL from native LDL to aggregate and not be 

stable.15 The test for lipoprotein can also indirectly guide measurements that are more 

complex and redundant.16,17 To avoid these issues, this study took the approach of 

replacing natural LDL with a mimetic lipoprotein model system and to ultimately support 

cardiovascular clinical analysis.9,11,18 

This chapter is focused on the preparation of mimetic lipoproteins. The outcomes of 

these efforts will be discussed. UV-Vis and fluorescence spectroscopy were employed to 

evaluate the preparations. The Amplex Red cholesterol assay supported this study and 

help to verify that the mimetic lipoprotein preparation methods used in this study work as 

designed.  

 

3.2 Material and Methods 

3.2.1 Chemicals  

 DLPC (1,2-dilauroyl-sn-glycero-3-phosphocholine) and DOPG (1,2-dioleoyl-sn-

glycero-3-phospho-(1'-rac-glycerol) were purchased from Avanti Polar Lipids, Inc 

(Alabaster, AL). The peptide, poly(LA)7Y, was synthesized and purchased from Atlantic 

Peptides (Lewisburg, PA) with 95% purity. The complete 19 amino acid peptide 

sequence is as follows: KKLALYLALALYLALAKKW. All peptides were comprised of 

seven repeating leucine and alanine residues, and the amino terminus and carboxy 

terminus were both capped with lysine residues. The seven repeated leucine and alanine 

residues are likely embedded within the hydrophobic interior, which is sparingly soluble 
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in aqueous environments. Cholesterol, extra dry chloroform in molecular sieves, 

monosodium phosphate monohydrate, disodium phosphate heptahydrate, and sodium 

chloride were purchased from Fisher Scientific (Pittsburgh, PA). The Amplex Red 

Cholesterol Assay Kit was purchased from Thermo Fisher Scientific (Waltham, MA). 

 

3.2.2 Peptide Preparation  

 1 mg of synthetic peptide was dissolved in 1.2 ml of 1,1,1,3,3,3-hexafluoro-2-

propanol (HFIP) (Sigma Aldrich, St. Louis, MO), and distributed among test tubes so that 

each tube held 0.05 mg of peptide. The HFIP was then removed under a stream of argon 

gas while rotating the test tube to evenly dry the peptide. 

 

3.2.3 Synthetic Standard Lipoprotein Preparation  

 25 mg/ml of DOPG, DLPC, and cholesterol were prepared in chloroform and 

combined to form 0 and 15 percent cholesterol, 30 percent DOPG by weight, with the 

remaining weight comprised of DLPC in glass culture tubes. Simultaneously, 25 mg/mL 

of DOPG, DLPC, and cholesterol were prepared in chloroform and combined to form 0, 

15, 30 percent cholesterol, 30 percent DOPG by weight, with the remaining weight 

comprised of DLPC in glass culture tubes. The chloroform was then evaporated under a 

stream of argon to leave an oil-like film on the bottom of the tube. The tube was then 

dried overnight in a vacuum desiccator. The dried samples were then rehydrated by 

adding 20 mM phosphate buffer (pH 7.4) with sonication in a bath sonicator for 3 hours 

at 50°C until the solutions changed from cloudy to opaque. The resulting solutions were 

diluted to 5 mg/mL and then combined with dried peptide for a final concentration of 90 
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µM. The resulting solutions were stored at room temperature to ensure peptide insertion 

and equilibrium. The liposome containing peptide and 0, 15 %, and 30% cholesterol were 

centrifuged using a Sorvall WX 80+ Ultracentrifuge (Thermo, USA) at 213,373 × g and 

4°C for 2 h. The supernatant was discarded and the sample was reconstituted with 1 mL 

of 20 mM phosphate buffer. The size of liposome formed from this preparation was 

confirmed at 20°C by DLS (dynamic light scattering, Dyna Pro, Wyatt Technology 

Corp., Santa Barbara, CA) measurements. The mean hydrodynamic radius was typically 

in the range of 40 ± 0.39 nm, regardless of the covesicallized particle (DPH). 

 

3.2.4 Spectroscopy Measurements 

 The peptide concentration in the mimetic lipoprotein model was monitored by UV-

Vis absorption using a Varian Cary 50 UV-Vis spectrophotometer (Palo Alto, CA). The 

wavelengths were scanned from 200 nm to 800 nm. Peptide insertion was verified by 

fluorescence using a Varian Cary Eclipse spectrophotometer (Palo Alto, CA). All 

prepared samples were excited at 280 nm, and emission was detected from 300 nm to 400 

nm. 

 

3.2.5 Fluorescence Anisotropy Measurement 

DPH was used to determine the fluorescence anisotropy of the liposomes. All 

fluorescence anisotropy measurements were performed on a Cary Eclipse fluorometer. A 

manual polarizer and the following experimental conditions were employed:19 λex = 360 
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nm, λem = 430 nm, [DPH] = 0.5 µM, and [lipids+cholesterol] = 50 µM.  Equation 3.1 was 

used to determine the fluorescence anisotropy,20 r, 

                                                     r =
𝐼𝑉𝑉−𝐺𝐼𝑉𝐻

𝐼𝑉𝑉+2𝐺𝐼𝑉𝐻
 , 𝐺 =

𝐼𝐻𝑉

𝐼𝐻𝐻
                                                 (3.1) 

 

where IVV is the fluorescence intensity with excitation and emission polarized in the 

vertical position, IVH is the fluorescence intensity with excitation in the vertical position 

and the emission in the horizontal position, IHV and IHH stands for both fluorescence 

intensity with excitation in the horizontal position, and emission in the horizontal and 

vertical position, respectively. The grating factor G is an instrumental correction factor 

for the emission optics for the vertical orientation to horizontal orientation. The 

fluorescence anisotropy of the lipoproteins was observed the temperature the range of 0 - 

40°C. The temperature controller in the fluorometer was regulated by Neslab RTE-111 

temperature control unit.  

 

3.2.6 Amplex Red Cholesterol Assay Kit 

 Only the 15% by weight cholesterol in liposomes solutions were analyzed using the 

Amplex Red Cholesterol assay. The samples were dissolved in the given buffer from the 

cholesterol assay kit and diluted to 30 µg/mL. 50 µL of each diluted sample was pipetted 

into separate wells of a microplate. Other instructions for the preparation of standard and 

enzymatic reaction probes followed the instructions with the Amplex Red Cholesterol 

assay kit. All samples, reference standards, and background samples were incubated in 
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the microplate using a Biotek SynergyMX fluorescence microplate reader (Winooski, 

VT).  

 

3.2.7 Data Analysis  

 All data were processed in the MATLAB environment, version 9.4 (MathWorks, 

Natick, MA). 

 

3.3 Results and Discussion 

3.3.1 Measurement of Cholesterol Concentration Using the Amplex Red Cholesterol 

Assay 

 A standard cholesterol calibration curve (Figure 3.1) was generated using the 

Amplex Red cholesterol assay, which is a simple fluorometric method for quantifying 

cholesterol. The Amplex Red cholesterol assay is used to measure the total cholesterol 

content in a sample via an enzymatic reaction. The use of fluorescence results in a highly 

sensitive indirect assay for cholesterol. The calibration standard curve (R2>0.99) was 

used to determine the amount of cholesterol present in liposomes. 

A technique of extrusion is utilized homogenizing lipids to give clearer spectroscopic 

characterization of the lipids.21,22 Although there are previous studies of liposomes with 

cholesterol using extrusion, 23 extrusion was avoided in this study because of the large 

loss of cholesterol during the extrusion process. 
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Figure 3.1  Cholesterol reference standard curve. Cholesterol standard solutions are 

mixed into the reaction buffer (0.1 M potassium phosphate, pH7.4, 0.5 M NaCl, 5 mM 

cholic acid, 0.1% triton X-100) to produce cholesterol concentrations of 0 to 8 µg/mL. 

 

The estimated cholesterol content in the liposomes was greatly reduced after extrusion 

as indicated in Table 3.1. There is a reduced cholesterol content due to the high viscosity 

of cholesterol in the prepared lipids and these were unable to pass through the membrane 

filter during extrusion.  

 

 

 

Table 3.1  Amplex Red assay results for liposomes with 15% cholesterol by weight. At 

intensity 11674 counts (sonication only) and at intensity 6292 counts (sonication and 

extrusion). 

 

 

 

 

 

 

 

Methods Intensity Concentration (µg/ml) 

No Extrusion 11674 28.07 

Extrusion 6292 15.27 
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3.3.2 Spectroscopic identification and characterization of mimicking lipoprotein 

model 

The fluorescence anisotropy of 1,6-diphenyl-1,3,5-hexatriene (DPH) was used to 

determine the fluidity of liposomes with varying amounts of cholesterol. DPH is a 

fluorescent hydrocarbon used to study cell membranes, it showed a strong fluorescence 

intensity in lipids. DPH serves as dye for cholesterol in the mimicking liposome model. 

The fluorescence spectrum of DPH is shown as Figure 3.2.   

 

 

 

 

 

 

 

 

Figure 3.2  Fluorescence emission spectrum of DPH (1,6-diphenyl-1,3,5-hexatriene). 

 

 

The cholesterol content can determine the membrane fluidity associated with 

cardiovascular disease in lipoprotein research.24,25,26 This study first investigates the 

membrane fluidity correlation with cholesterol. The fluorescence anisotropy, r (equation 

3.1) vs temperature is displayed in Figure 3.3.  In Figure 3.3, as the temperature is 

increased, the anisotropy decreased. This indicates that membrane fluidity increased with 

associating amounts of cholesterol from 0 to 30%.  A previous study using a sterol, a 
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cholesterol analog, demonstrated that increasing amounts of the sterol decreased 

membrane fluidity over the temperature range of 7 to 37°C.27 

 

 

 

 

 

 

 

 

 

 

Figure 3.3  Fluorescence anisotropy of DPH in liposomes containing 0% cholesterol 

(blue), 15% cholesterol (red), and 30% cholesterol (yellow) by weight. Error bars 

indicate the standard deviation of the fluorescence anisotropy for three replicate sample 

preparations. 

  

This study used UV-Vis spectrophotometry to identify the peptide poly (LA)7 and 

fluorescence to verify peptide insertion. UV-Vis absorbance spectra with an absorbance 

peak at 280 nm can be used to indicate the presence of a tryptophan residue. Figure 3.4 

shows the UV-Vis spectra for DLPG, poly(LA)7Y in liposome without cholesterol, and 

15% cholesterol by weight with poly(LA)7Y in the liposome. The presence of the peak at 

280 nm identifies the peptide in liposome.  
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Figure 3.4  Absorption spectrum of tryptophan in poly(LA )7Y. Tryptophan absorbed UV 

light at 280 nm (red) and with 15% cholesterol weight in DLPG (blue). 

 

 Poly(LA)7 insertion into the liposome can to serve as an apolipoprotein to mimic the 

lipoprotein environment. To further verify if this peptide has inserted into the liposome, 

fluorescence measurements were performed. Natural lipoprotein features amphipathicity, 

and tryptophan fluorescence modes are environmentally sensitive. This can be used to 

monitor hydrophobic environments.28,29 In fluorescence, peptide Poly(LA)7Y with a 

tryptophan residue on the c-terminus in aqueous solution indicated a maximum emission 

wavelength at 362 nm in Figure 2.5A. A slight blue shift was observed in Figure 2.5 B 

and this tryptophan feature is due to peptide insertion for both the peptide containing the 

liposome and with 15% cholesterol by weight with peptide in the liposome. 
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Figure 3.5  (A) Fluorescence of tryptophan in poly(LA )7Y. λex=280 nm, λem=362 nm in 

aqueous environment. (B) Fluorescence of tryptophan in poly(LA )7Y. λex=280 nm, 

λem=353 nm in liposome (red), tryptophan in poly(LA)7Y with 15% cholesterol by weight 

in DLPG (blue), and liposome only (green). 

 

3.3 Conclusion 

 This study focused on method development of mimicking lipoproteins and 

demonstrated an overview lab made mimetic lipoprotein models. Mimetic lipoprotein 

models were identified by types of spectrophotometers and each process was also well 
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explained. Another independent study of measuring cholesterol was also performed to 

verify its purpose as well.      
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Chapter 4: Analysis of a mimetic lipoprotein model by Deep UV-Vis Resonance 

Raman Spectroscopy 

4.1 Introduction 

 Heart disease is leading causes of death in the United States and rates are 

surprisingly high, accounting for about 1 in 4 deaths each year.1 Some key factors that 

indicate health risk of heart disease are high blood pressure, high blood cholesterol, and 

smoking. Cholesterol levels are often measured as a diagnostic for heart disease. 

Cholesterol is either hydrophobic or blood insoluble. It attaches to a protein called 

lipoprotein that transports cholesterol throughout body. Lipoproteins have a spherical-like 

shape coiled with apolipoprotein and the entire outer shell is surrounded by phospholipids 

and free cholesterol. The core is composed of hydrophobic triglycerides and cholesteryl 

esters. Lipoproteins are classified by five major class according to particle size and 

density. They are chylomicrons, very low-density lipoprotein (VLDL), intermediate 

density lipoprotein (IDL), low density lipoprotein (LDL), and high density lipoprotein 

(HDL). Chylomicrons are rich in triglycerides and low in proteins. Inversely, high 

density lipoprotein has largest protein content. Total cholesterol measurements are 

common clinical tests to assess and predict heart disease. An elevated concentration of 

low-density lipoprotein cholesterol is a higher risk of heart disease, whereas increases in 

high density lipoprotein will decrease the risk of heart disease. However, clinical tests 

still have hurdles when measuring low density and high-density lipoproteins directly 

because cholesterol, lipoprotein size, and density vary from person to person.2,3 The 

treatments for heart disease resulting from these measurements are varied and can lead to 

inefficient and inaccurate treatments. A direct estimation of LDL level has been 
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calculated by using the Friedewald equation, but it is limited specific conditions and 

considerable discrepancies of estimation.4,5 Alternatively, LDL levels were isolated and 

measured using immunochemical adsorption. These methods were imprecise and high 

measurement error rates.6 High density lipoprotein is mostly measured using refined 

techniques in clinical settings, such as ultracentrifugation, electrophoresis, high 

performance liquid chromatography (HPLC), and NMR. In these methods, the 

cholesterol content was measured by precipitation of apoprotein in the lipoproteins. In 

ultracentrifugation, various types of apolipoproteins are poorly separated. This result 

leads to uncertainties in the level of apoproteins and make this important biomarker 

difficult to use in predicting health risks.7 There are two types of electrophoresis methods 

used to measure high density lipoproteins, they are gradient gel ND-PAGGE and 2D-

PAGGE respectively.8,9 However, there is little data about these techniques and 

measurements to predict HDL level and associating them with heart disease. In addition, 

HPLC and NMR require additional specifications when measuring HDL.10,11,12 Deep UV-

Vis Resonance Raman (dUVRR) spectroscopy has been emerged in the analysis of 

plasma lipoproteins. Components (cholesterol, triglycerides, apoproteins and 

phospholipids) contained in lipoproteins are commonly and independently analyzed by 

dUVRR spectroscopy due to its advantages of enhancing signal of individual components 

in complex samples. Moreover, free labeling and non-destructive measurements provided 

more accurate results in temperature and chemically sensitive components, such as 

apoproteins.13,14,15 However, measuring large quantities of lipoproteins requires 

significant sample preparation and pretreatments before dUVRR spectroscopy 

measurements. Further, the high cost of commercially prepared lipoproteins makes their 
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availability to researchers difficult. A limited number of studies have obtained 

information about cardiovascular clinical research and correlated the results with each 

class of lipoproteins. Biomimetic lipoprotein models provide non-toxic, non-

immunogenic, and biocompatible sample that can be used in a number of laboratory-

based studies. Biomimetic lipoproteins can be used to generate different types of 

lipoproteins including particle size, cholesterol content, and apoproteins for further 

clinical research needs.16 In addition, biomimetic models allow for longer storage times 

for research purposes. dUVRR protein/peptide spectra have four distinguished amide 

modes. The amide I band consists of features contributing to the carbonyl stretch (C=O) 

vibration. The region of the amide I band often occurs between 1600 to 1690 cm-1.17 

Amide II region designates the out-of-phase combination of the C-N stretch and N-H in-

plane bending. They mostly occur in region of 1450-1580 cm-1. The N-H in-plane 

bending constitutes about 60% of the intensity in this region.18 The amide III band is the 

in-phase combination of C-N stretching, N-H in plane bending, and Cα-C stretching. This 

region is usually observed between 1200 and 1300 cm-1. The amide S band (S means 

sensitivity to secondary structure) is a combination  Cα-H bend/N-H bend coupled with 

Amide III. However, the Amide S band is more likely due to β-sheets and is not 

resonantly enhanced in α-helical conformations. This band is observed at 1315-1425 cm-

1. 19, 20, 30 In this study, we combine dUVRR spectroscopy, a non-invasive technique with 

smaller sample amounts to generate spectra we can use to characterize lipoprotein 

models.  
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4.2 Material and Methods 

4.2.1 Chemicals  

 DLPC (1,2-dilauroyl-sn-glycero-3-phosphocholine) and DOPG (1,2-dioleoyl-sn-

glycero-3-phospho-(1'-rac-glycerol) were purchased from Avanti Polar Lipids, Inc 

(Alabaster, AL). The peptide, poly(LA)7Y, was synthesized and purchased from Atlantic 

Peptides (Lewisburg, PA) with 95% purity. 20 mM phosphate buffer with 5 mM saline at 

pH=7.4 was prepared by 18.2 MΩ-cm water (Barnstead). NaClO4 (0.1 mM sodium 

perchlorate, Sigma Aldrich, ≥ 98%) were prepare as an internal standard solution for 

dUVRR spectroscopy measurements. The complete 19 amino acid peptide sequence is as 

follows: KKLALYLALALYLALAKKW. All peptides were comprised of seven 

repeating leucine and alanine residues, and the amino terminus and carboxy terminus 

were both capped with lysine residues. The seven repeating leucine and alanine residues 

are likely embedded within the hydrophobic interior, which is sparingly soluble in 

aqueous environments. Cholesterol, extra dry chloroform in molecular sieves, 

monosodium phosphate monohydrate, disodium phosphate heptahydrate, and sodium 

chloride were purchased from Fisher Scientific (Pittsburgh, PA). The Amplex Red 

Cholesterol Assay Kit was purchased from Thermo Fisher Scientific (Waltham, MA). 

 

4.2.2 Peptide Preparation  

 1 mg of synthetic peptide was dissolved in 1.2 mL of 1,1,1,3,3,3-hexafluoro-2-

propanol (HFIP) (Sigma Aldrich, St. Louis, MO), and distributed among test tubes so that 

each tube held 0.05 mg of peptide. The HFIP was then removed under a stream of argon 

gas while rotating the test tube to evenly dry the peptide. 
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4.2.3 Synthetic Standard Lipoprotein Preparation  

 25 mg/mL of DOPG, DLPC, and cholesterol were prepared in chloroform and 

combined to form 0 and 15 % cholesterol into DOPG by weight, with the remaining 

weight comprised of DLPC in glass culture tubes. The chloroform was then evaporated 

under a stream of argon to leave an oil-like film on the bottom of the tube. The tube was 

then dried overnight in a vacuum desiccator. The dried samples were then rehydrated by 

adding 20 mM phosphate buffer (pH 7.4) with sonication in a bath sonicator for 3 hours 

at 50°C until the solutions changed from cloudy to opaque. The resulting solutions were 

diluted to 5 mg/mL and then combined with dried peptide for a final concentration of 90 

µM. The resulting solutions were stored at room temperature to ensure peptide insertion 

and equilibrium. The size of liposome formed from this preparation was confirmed at 

20°C by DLS (dynamic light scattering, Dyna Pro, Wyatt Technology Corp., Santa 

Barbara, CA) measurements. The mean hydrodynamic radius was in the range of 40 ± 

0.39 nm, regardless of the covesicallized particle (DPH). The liposome containing 

peptide and 0, 15 %, and 30% cholesterol were centrifuged using a Sorvall WX 80+ 

Ultracentrifuge (Thermo, USA) at 213,373 × g and 4°C for 2 h. The supernatant was 

discarded and the sample was reconstituted with 1 mL of 20 mM phosphate buffer. 50 µL 

of 0.1 mM NaClO4 was added in both 0 and 10 % as an internal standard for dUVRR 

analysis. 
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4.2.4 Spectroscopy Measurements 

 The peptide concentration in the mimetic lipoprotein model was monitored by UV-

Vis absorption using a Varian Cary 50 UV-Vis spectrophotometer (Palo Alto, CA). The 

wavelengths were scanned from 200 nm to 800nm. Peptide insertion was verified by 

fluorescence using a Varian Cary Eclipse spectrophotometer (Palo Alto, CA). All 

prepared samples were excited at 280 nm, and emission was detected from 300 nm to 400 

nm. 

CD measurements were collected on a Jasco J-710 CD spectropolarimeter (Easton, 

MD) with a 1-mm path length cuvette (Hellma, Plainview, NY). Samples were scanned 

from 190 nm to 250 nm with scan speed of 50 nm/min and a response time of 4 s. Each 

spectrum was the average of five replicate scans. All spectra were blank subtracted and 

converted to mean residue ellipticity θ (degcm2dmol-1).  

Raman spectroscopy was used to characterize the mimetic lipoprotein models. 

Collecting Raman spectra made use of the soft laser generated by Indigo-S laser system 

(Coherent Inc., Santa Clara, CA). The system used the fourth harmonic of a 4 kHz 

frequency quadrupled Ti:Sapphire laser. The Ti:Sapphire laser was pumped using a 

diode-pump frequency doubled Nd:YLF laser (Coherent Inc., Santa Clara, CA). The 

samples were excited at 197 nm and the average power of incident laser at the sample 

approximately 0.5 mW to minimize potential degradation. All samples were held in a 

custom-made water-jacked reservoir (Mid River Glassblowing, St Charles, MO) and the 

sample was introduced using a circulating system, model 7511-10 gear pump (Cole 

Palmer, Vernon Hills, IL). An Isotemp 3016D circulating water bath (Fisher Scientific, 
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Pittsburgh, PA) was use to maintain the sample temperature at 7°C. A nitrogen gas 

stream was flowed over the samples to ensure removal of ambient oxygen. The detector 

contained a back illuminated, phosphor coated, liquid nitrogen cooled Symphony CCD 

camera (Horiba Jobin Yvon Inc., Edison, NJ) with 2048 × 512 pixels. A final resolution 

of 2.4 cm-1 was in used in the collection of data. In addition, the spectrometer design had 

a 135° backscattering geometry and a 1.25 m spectrophotometer fitted with 3600 

groove/mm grating to disperse and collect Raman scattering. Spectra were calibrated 

using a standard cyclohexane spectrum. Samples were signal averaged using five 60 s 

scans and were measured in triplicate. 

 

4.2.5 Data Analysis 

All data were processed and analyzed using Matlab 9.4 (Mathworks, Natick, MA). 

4.3 Results and Discussion 

4.3.1 Peptide Verification and Insertion in UV-Vis and Fluorescence 

The peptide, poly (LA)7, was selected to serve as a putative apoprotein in 

lipoproteins in this study. UV-Vis spectrophotometry was applied to identify the peptide 

and fluorescence was used to verify peptide insertion. UV-Vis absorbance spectra with an 

absorbance peak at 280 nm can be used to indicate the presence of a tryptophan residue. 

Figure 4.1 shows the UV-Vis spectra of DLPG, poly(LA)7Y in liposome without 

cholesterol, and 15% cholesterol by weight with poly(LA)7Y in the liposome. The 

presence of the peak at 280 nm identifies the peptide in liposome. In addition, the 
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absorption A was plotted in the following equation to calculate peptide concentration for 

CD data interpretation. 

                                                                   𝑐 =  
𝐴

𝑙𝜀𝑡𝑟𝑝
                                                             (4.1) 

where A is absorbance at 280 nm, l is pathlength in cm, and εtrp is extinction coefficient 

representing tryptophan at 5500 M-1cm-1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1  Absorption spectrum of tryptophan in poly(LA )7Y. Tryptophan absorbed UV 

light at 280 nm (red) and with 15% cholesterol weight in DLPG (blue). 

 

 To further verify whether this peptide inserted into the liposome, fluorescence 

measurements were performed. Natural lipoprotein features amphipathicity, and 

tryptophan fluorescence modes are environmentally sensitive. This can be used to 
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monitor hydrophobic environments.21,22 In fluorescence, the peptide poly(LA)7Y, with a 

tryptophan residue on the c-terminus in aqueous solution indicated a maximum emission 

wavelength at 362 nm as shown in Figure 4.2A. A slight blue shift was observed in 

Figure 4.2 B and this tryptophan feature is due to peptide insertion for both the peptide 

containing the liposome and with 15% cholesterol by weight with peptide in the 

liposome. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2  (A) Fluorescence of tryptophan in poly(LA )7Y. λex=280 nm, λem=362 nm in 

aqueous environment. (B) Fluorescence of tryptophan in poly(LA )7Y. λex=280 nm, 

λem=353 nm in liposome (red), tryptophan in poly(LA)7Y with 15% cholesterol by weight 

in DLPG (blue), and liposome only (green). 
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4.3.2 Investigation of Peptide Conformation Using Circular Dichroism (CD) 

Spectroscopy  

 Circular dichroism was used to investigate peptide conformation in this study. In 

principle, left and right circularly polarized light were measured by differential absorbance. 

In other words, a molecule absorbs left and right circularly polarized light. If molecules are 

asymmetric and optically active, then the differential absorbance are measured.23,24,25 The 

CD data records the ellipticity (θ) in measurement of peptide conformation, since linearly 

polarized light passes a circular dichroic sample eventually becoming elliptically polarized. 

In this study, the recorded ellipticity (θ) was converted to mean residue ellipticity (θMRE) 

in (deg·cm2·dmol-1) with following equation, 

                                                                          θMRE =
θ

10∙c∙n∙l
                                               (4.2) 

 

where θ is the ellipticity in mdeg, c is peptide concentration in M, n is the number of 

peptide bonds, and l is the pathlength in cm. The CD spectra for peptide poly(LA)7 

indicated positive ellipticity at 193 nm, and negative ellipticity at 222 nm and 208 nm as 

shown in Figure 4.3. This figure reveals that the peptide in mimetic lipoprotein model are 

predominantly α-helices. 
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Figure 4.3  CD spectra of peptide with cholesterol weight percent in liposome.  

 

4.3.3 Identification of Mimetic Lipoprotein models Using dUVRR 

 Raman spectroscopy was used to characterized our mimetic lipoproteins with 

cholesterol and without cholesterol and peptide as summarized in Figure 4.4. Both 

spectra are normalized using the same intensity at 930 cm-1. The phosphate buffer and 

perchlorate peak are subtracted in Figure 4.4B. The excitation wavelength of all 

components at 197 nm. The unsaturated phospholipids DOPG and saturated DLPC were 

mixed more likely to simulate natural phospholipids on the shell of a lipoprotein.  
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Figure 4.4  (A) Raman spectra of phospholipids (B) 15% of cholesterol with peptide in 

liposome. 

 

 

The main peak for phospholipids was measured in a broad peak near 1661 cm-1 

(Figure 4.4A). The phospholipids intensity depends on percentage of cholesterol (at 1675 

cm-1) added. The intensity of the phospholipids peak decreased compared to cholesterol 

and without cholesterol that was observed in Figure 4.4. This effect resulted from self-



69 

 

absorption of cholesterol in the Raman scattering. In addition, the ratio of two peaks 

intensity shifted when changed cholesterol level but this study didn’t present this change.  

The amide I region is dominated by C=C double bonds for unsaturated lipids and 

cholesterol and is observed from 1600 to 1675 cm-1. The saturated lipids do not possess 

this feature in this region.26,27 The amide II band (1541 cm-1) indicates α-helical 

conformations of the peptide. In addition, the peptide backbone designated out of phase 

combination of in-plane N-H bending and C-N stretch enhancing intensity is observed in 

this region. The amide S region and Amide III regions generally represent disordered 

structure of peptides, but this spectrum shows minimal effects of a disordered structure. 

The Amide III band contains an intense peak at 1266 cm-1 and is likely due to the 

tyrosine ring-O mode.28 The Table 4.1 summarized the features of tyrosine at 851, 1171, 

1205, 1596, and 1615 cm-1, respectively as well as including other component cholesterol 

and amide modes. The Small portion of β-conformation appeared at 1440 cm-1. This 

could be possible due to alanine rich peptide in poly(LA)7Y.
29

  In addition, Figure 4.4 

contains features for the POH bending of phosphate ion present in the phosphate buffer at 

1079 cm-1. It may due incomplete subtraction of phosphate buffer blank.30 Interestingly, 

we found that the tryptophan signal was suppressed using an excitation wavelength of 

197 nm and may be attributed to the aromatic side chain.31 
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Table 4.1  Summary of bands in Raman spectra for mimetic lipoprotein 
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4.4 Conclusion 

This study provided a view of the characterization of mimetic lipoprotein models 

using deep-UV-Vis Resonant Raman spectroscopy. This technique enhanced the signals 

from the backbone of tyrosine as a C-terminus inserted in liposomes and also gave a clear 

fingerprint region for cholesterol content in the mimetic environment.  Circular dichroism 

provided view of secondary structure of peptide poly(LA)7Y to confirm peptide 

conformation. UV-Vis and fluorescence spectroscopy identified peptide and verified 

insertion in the liposome. These studies provide further support of the mimetic 

lipoprotein model.  
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Chapter 5: Future Directions and Extensions 

 

5.1  Establish mimetic lipoprotein standards to explore how lipoproteins relate to 

CVD 

Studies of cardiovascular disease (CVD) have tried to relate age, sex, history of 

alcohol or smoking, and generic factors as ways to monitor the disease. Lipoproteins 

studies have tried to determine their role in cardiovascular disease for decades. Research 

has focused on various properties of lipoproteins such as the size of lipoproteins, 

lipoprotein content, and its metabolic pathways as way to understand CVD. Many 

methods have been developed to assess lipoproteins. For example, the most common 

method used is ultracentrifugation to separate lipoproteins based on densities.1 In 

addition, gel electrophoresis, based on electrophoretic mobility, has been used to measure 

the apolipoprotein content of lipoproteins.2 HPLC methods have been developed to 

investigate lipoproteins based mostly on their size or apoprotein charge.3,4,5 In previous 

lipoprotein chapters, a new method was introduced to provide a spectroscopic 

characterization of mimetic lipoprotein models. The combination of UV-Vis, 

fluorescence, circular dichroism, dynamic light scattering, and dUVRR spectroscopy 

investigated mimetic lipoprotein models. These techniques provided additional 

information of cholesterol content, putative apoproteins (a lab synthesized peptide) and 

phospholipids. These components in native lipoproteins have been associated with 

cardiovascular disease.6,7,8 In previous unpublished data from my group, we found that 

HDL, LDL, and VLDL can be characterized by Raman spectroscopy. Figure 5.1 shows 

three representative lipoprotein classes. Main cholesterol peaks were observed in each 

individual lipoprotein spectra at 1675 cm-1. The tyrosine/Amide III region was observed 
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using an excitation wavelength of 197 nm. For blood serum lipoproteins, some 

information was discerned. The Friedewald equation or Red Amplex Assay can be used 

to measure cholesterol content and provide total concentrations of cholesterol in LDL. 

Presumably, the cholesterol content was high, but there was little LDL in sample. These 

latter two methods have issues when trying to measure the cholesterol content and 

distinguish between sample with a high cholesterol content in low amounts of 

lipoproteins versus low cholesterol content in the presence of high lipoprotein 

concentrations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1  Representative Raman spectra of VLDL (top), LDL (middle), and HDL 

(bottom) from blood serum. Courtesy of Dr. Michael Eagleburger 
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An extension of this study should continue to develop mimetic lipoprotein models 

with additional cholesterol contents. Mimetic lipoprotein standards combined with MCR-

ALS (multivariate curve resolution-alternating least square), recovering pure component 

profiles from complex structure and environment, can be applied as a quantitative tool in 

complex samples. This algorithm analysis can be applied in hyperspectral images. In 

mathematical terms, the MCR-ALS is written as, 

                                                     𝐷 = 𝐶𝑆𝑇 + 𝐸                                                             (5.1) 

 

where D is a matrix containing spectra of all pixels of images, C and ST represent 

concentration profiles and pure spectral. E is matrix of experimental error. In future 

studies, each pure concentration or pure spectral profiles from mimetic models will input 

along with serum samples to provide predictions of cholesterol, or other components 

level in the lipoproteins. This process is depicted in Figure 5.2. The concentration 

profiles, term C, can be achieved by applying size exclusion chromatography from both 

serum lipoprotein and individual component from mimetic lipoproteins. ST can be 

determined with dUVRR spectroscopy. MCR-ALS has the advantage of a non-negativity 

constraint to provide minimal interference in quantitative analysis. 

 

 

 

 

 

Figure 5.2  Schematic of MCR-ALS Analysis. 
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5.2 Exploration of NNAL and NNAL-Glucs in human toenails 

 NNAL 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol and NNAL-Glucs 

(glucuronides) have played significant roles in biomarker research in lung cancer studies. 

NNK nitrosamine 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone is major constituent in 

tobacco and also acts as a precursor for NNAL and NNAL-Glucs. In early studies, NNK 

was found to lead to lung carcinogenesis and caused tumor growth in other organs in rats 

and hamsters.9,10 There are also studies in human research on metabolites of NNK, 

NNAL and NNAL-Glucs, in urine and blood samples from those exposed to secondhand 

smoke and smokers, including quantitative analysis of NNAL and NNAL-Glucs.11,12 

These are invasive samples and sample preparation was often labor intensive. In addition, 

most common way of obtaining NNAL and NNAL-Glucs is to apply solid phase 

extractions with one or more cartridges required, e.g. Chem-Elut and Oasis MCX or 

equivalent. Quantitative analysis of nicotine was investigated in this work by applying 

liquid-liquid extractions prior to HPLC-MS analysis. Human toenails samples were used 

to measure nicotine levels. Toenails exhibit long term accumulation of nicotine and other 

metabolites from exposure to tobacco and are stable storage at ambient. NNAL and 

NNAL-Glucs from NNK are only 7% to 9% in total body fluids. Thus, toenails are 

suitable candidates in research of NNAL and NNAL-Gluc13. However, nicotine level 

determined were only based on population between healthy non-smokers exposed to 

secondhand smoke and smokers. NNAL and NNAL-Glucs are excellent biomarkers in 

lung cancer. Further investigation of NNAL and NNAL-Glucs in lung cancer studies with 

toenails can be extended to large studies exploring factors such as age, race, and sex. Age 

and sex may play minor factors in analysis of NNAL and NNAL-Glucs, but race may 
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play a bigger factor. In human lungs, European, Asians and African Americans have 

different genes in CHRNA5-CHRNA3-CHRNB4 region, these gene regions are 

associated with smoking and non-smoking. People carrying the CHRNA5 and CHRNA3 

gene have higher NNAL levels with a higher risk of lung cancer14. In addition, NNAL-

Glucs is considered non-carcinogenic and likely to be detoxification products. Thus, 

future studies may also be interested in the investigation of the levels of NNAL-Glucs 

and their role in regulating liver enzymes. In the analysis of NNAL and NNAL-Glucs, 

QuECHERS (Quick, Easy, Cheap, Rugged, Safe) methods can be developed to simplify 

sample extractions. This method is low cost and non-toxic, and gives high selectivity and 

high recovery. This extraction method is similar to that used in a study of hair, which is 

another type of a keratinic matrix.15 Continuing investigations of human toenails with 

HPLC-MS, extended to a large cohort study would also be beneficial.  
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APPENDIX 1: List of abbreviations 

A Alanine 

ACN Acetonitrile 

ApoB Apolipoprotein B 

CAD Cardiovascular artery disease 

CCD camera Charged couple device camera 

CD Circular Dichroism spectroscopy 

CE-SDS Capillary electrophoresis sodium dodecyl sulfate 

CHRNA3 Cholinergic Receptor Nicotinic Alpha 3 Subunit 

CHRNA4 Cholinergic Receptor Nicotinic Beta 4 Subunit 

CHRNA5 Cholinergic Receptor Nicotinic Alpha 5 Subunit 

CID Collision induced dissociation 

CVD Cardiovascular disease 

DLPC 1,2-dilauroyl-sn-glycero-3-phosphocholine 

DLS Dynamic light scattering spectroscopy 

DOPG 1,2-dioleoyl-sn-glycero-3-phospho-(1'-rac-glycerol 

DPH 1,6-diphenyl-1,3,5-hexatriene 

dUVRRS Deep UV-vis resonance Raman spectroscopy 

ELISA enzyme-lined immunoassay 

ESI Electrospray ionization 

GC-ECD Gas chromatography electron capture detector 

GC-MS Gas chromatography mass spectrometry 
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HDL High density lipoproteins 

HFIP 1,1,1,3,3,3-hexafluoro-2-propanol 

HOMA-IR Homeostasis model assessment insulin resistance 

HPLC High performance liquid chromatography 

HPLC-ECD High performance liquid chromatography-Electrochemical detector 

HPLC-GPC High performance liquid chromatography gel permeation column 

IDL Intermediate density lipoproteins 

K Lysine 

L Leucine 

LC-MS/MS Liquid chromatography Mass spectrometry 

LDL Low density lipoproteins 

LOD Limit of Detection 

LOQ Limit of Quantitation 

m/z 

ME 

Mass to ration 

Matrix Effect 

MCR-ALS Multivariate curve resolution-alternating least square 

MEPS Microextraction by packed sorbent 

ND-PAGGE Non-denaturant polyacrylamide gradient gel electrophoresis 

Nicotine-d3 Deuterated nicotine  

NMR Nuclear magnetic resonance 

NNAL 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol 

NNAL-Gluc 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol-glucuronides 

NNK 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone 
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Oasis-MCX Oasis mixed mode cation exchange 

QuECHERS Quick, Easy, Cheap, Rugged, and Safe 

RE Recovery 

RIA Radioimmunoassay 

RSD Relative standard deviation 

SPE Solid phase extraction 

UV-vis Ultraviolet visible spectroscopy 

VLDL Very low density lipoproteins 

W Tryptophan  

WHO World Health Organization 

Y Tyrosine 

2D-PAGGE Two-dimensional polyacrylamide gradient gel electrophoresis 
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APPENDIX 2: Chapter 2-Solid phase extraction Calibration Curve 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A2.1. Nicotine calibration curves using the two major fragmentation ions at (A) 

m/z 132 and (B) m/z 106 in method of solid phase extraction. 

A 

B 
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APPENDIX 3: Chapter 3-Dynamic Light Scattering Measurement of 

Radius 
 

Table A3.1. The radius, poly dispersity and poly dispersity index (PDI) of DLPG and 

DOPG liposomes suspended in PBS were obtained for 20 scans using dynamic light 

scattering (DLS). The mean radius and standard deviation (SD) for all scans are also 

included.  

 

  

# Radius (nm) Poly dispersity (nm) Poly dispersity index 

1 41.7 37.9 0.75 

2 38.9 31.7 0.66 

3 42.2 34.6 0.67 

4 39.8 28.2 0.5 

5 42.2 39.3 0.69 

6 41.5 39.4 0.9 

7 37.6 25.6 0.44 

8 42.2 30.8 0.53 

9 40.6 31.4 0.6 

10 42.4 40.5 0.91 

11 40.3 30.2 0.53 

12 38.8 31.5 0.66 

13 40 33.6 0.58 

14 37.9 25.6 0.43 

15 40 35.3 0.67 

16 41.1 38.8 0.81 

17 40.5 40.1 0.81 

18 40.8 31.4 0.56 

19 40.2 26.1 0.36 

20 40.9 37 0.68 

Mean 40.5 33.5 0.6 

SD 1.4 4.8 0.1 
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APPENDIX 4: Chapter 4-Circular Dichroism of Ovalbumin 

Conformation Spectra 
 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

  

FigureA4. 1. Ovalbumin CD spectrum for secondary structure (top left), α-helix (top 

right), β-sheet (bottom left), and disorder form (bottom right). Courtesy of Dr. Jian 

Xiong.  
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