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Chapter I 
 
 

1 
 

Introduction 

Aldehydes comprise a group of reactive compounds that are widespread 

naturally. They can be formed endogenously by lipid peroxidation, carbohydrate or 

ascorbate autoxidation, amineoxidases, cytochrome P450s, or myeloperoxidase (MPO)-

catalyzed metabolic activation. As well, aldehydes are very common components in many 

foods, usually in small amounts but sometimes they exist in large amounts. The most 

commonly distributed aldehydes in foods include acetaldehyde which is a natural 

component in many fruits and vegetables, cinnamaldehyde which is highly contained in 

cinnamon and peas, and benzaldehyde which exists in almonds and cherries. Also, anise 

and vanilla extracts contain anisaldehyde and salicylaldehyde, respectively. Aldehydes 

are also widely used as additives/preservatives in the cosmetics, detergents (e.g. 

benzaldehyde, cinnamaldehyde, anisaldehyde, vanillin, and C7-C13 aliphatic aldehydes) 

and food industries (e.g. benzaldehyde, 4-hydroxybenzaldehyde, salicylaldehyde, 

cinnamaldehyde, vanillin and furfural) 1,2.   

Aldehydes have also been identified in various matrices such as water, beverages 

and atmosphere. Also, some therapeutic drugs are aldehydes (e.g. josamycin, tylosin, 

spiramycin and streptomycin) or even produce reactive aldehyde metabolites which cause 

toxic side effects 1. Two anticancer agents, cyclophosphamide and ifosfamide, are 

metabolized by cytochrome P450s producing acrolein (ACR) and crotonaldehyde which 

resulted in hemorrhagic cystitis and neurotoxicity 3. Sudoxicam, a non-steroidal anti-

inflammatory drug, is metabolized to glyoxal (GO), and it was withdrawn due to 

hepatotoxicity 1. Also, the antiepileptic drug felbamate causes hepatotoxicity and aplastic 

anemia due to its major metabolite atropaldehyde 4. Misonidazole, anticancer drug, is 
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reduced by cytochrome P450 reductase to DNA-adduct-forming GO 5. In addition, the anti 

HIV drug abacavir gives a reactive aldehyde intermediate which is capable to covalently 

bind proteins 6. 

Aldehydes are relatively reactive organic compounds containing a polarized 

carbon-oxygen double bond. They have significant dipole moments due to the higher 

electronegativity of oxygen atom compared to carbon atom. The carbon atom constitutes 

an electrophilic site that reacts easily with nucleophiles. When α and β-carbons have a 

double bond “α,β-unsaturated aldehyde  e.g. ACR and crotonaldehyde”, the molecule 

becomes more reactive. Due to the conjugation with the carbonyl group, the β-carbon is 

positively polarized; hence it becomes a site for nucleophilic attack. This partial positive 

charge is affected by the presence of substituent. 4-Hydroxy group substituent (as in case 

of 4-hydroxy-2-nonenal (HNE) and 4-hydroxy-2-hexenal (HHE)) has an electron 

withdrawing effect imparting higher electrophilicity to the β-carbon 2,7.  

In view of the fact that the main objective of this thesis is focused on the analysis 

of reactive aldehydes produced endogenously in human plasma, a brief discussion about 

the main sources of endogenous aldehydes and their influences on human body will be 

given in the following section. 

1-1. Endogenous sources and harmful effects of aldehydes 

1-1-1.  Lipid peroxidation 

Oxidants, including reactive oxygen species (ROS), are always produced in cells 

through normal metabolic processes. Oxidative stress occurs when the level of oxidants 

within the cell exceeds the levels of antioxidants 8. The increased levels of intracellular 

oxidants lead to peroxidation of membrane-derived lipids. Such process forms many 
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products via a sequence of oxidation and cleavage reactions producing various types of 

peroxides (Fig. 1.1) 9–11. The most significant products are aldehydes originated from ω-

6 polyunsaturated fatty acids (PUFAs) (e.g. linoleic acid), including alkanals (e.g. 

pentanal and hexanal), 2-alkenals (e.g. ACR, crotonaldehyde, and trans-2-nonenal), 

dialdehydes (e.g. GO and malondialdehyde (MDA)), 4-hydroxy-2-alkenals (e.g. HNE), 

and 2,4- alkadienals (e.g. heptadienal and nonadienal) 9,10,12,13.  

 

Fig. 1.1: Scheme for lipid peroxidation process showing structures of the proposed 

intermediates and the produced aldehydes  
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MDA is the most abundant aldehyde produced; constituting about 70% of the total 

aldehydes resulted from lipid peroxidation 10. Meanwhile, hexanal and HNE comprises 

15 and 5% of total aldehydes, respectively 14. ACR was recently recognized as a product 

of lipid peroxidation process, but it has been long identified as an environmental 

contaminant 13. 

The harmful effects of aldehydes includes disturbance of proteins and enzymes 

functions, formation of DNA adducts and further damage of lipids.  High levels of 

aldehydes produced by lipid peroxidation are associated with many diseases; hence, they 

have been widely used as biomarkers of diseases progression. High levels of ACR has 

been detected in brains of patients with Alzheimer’s disease 15, a study of Calingasan et 

al. 16 recommended the use of the levels of ACR-modified proteins as biomarkers of this 

disease. Additionally, high levels of HNE 17 and crotonaldehyde-protein adducts 18 have 

also been detected in brains of patients with Alzheimer’s disease.   

HNE is very reactive with proteins having the ability of Michael addition and 

Schiff base formation. Elevated levels of HNE-protein adducts have been detected in 

plasma of rat model of hypertension 19. In addition, the role of HNE in atherosclerosis has 

been confirmed by its high levels detected in fibrotic plaques and low density lipoproteins 

(LDL) 20. Elevation of HNE level has also been detected in serum of diabetic patients 21. 

MDA can react through Schiff base formation with free amino groups of proteins, 

DNA and lipids 22. Elevated levels of MDA and its adducts are associated with many 

diseases such as hepatitis 23, cancer 24, neurodegenerative diseases 25 and diabetes  

mellitus 26.   
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A significant increase in the levels of HNE and ACR has been detected in plasma 

of rheumatoid arthritis patients (2-folds increase relative to healthy control group), while 

HHE, MDA, 4-oxo-2-nonenal and crotonaldehyde showed about 66, 42, 41 and 18% 

increase, respectively 27. The role of HNE and MDA in the pathogenesis of cardiovascular 

diseases such as atherosclerosis has also been established via immunohistochemical 

analyses of atherosclerotic lesions from human aorta using antibodies against aldehydes 

adducts e.g. HNE-histidine, MDA-lysine. Strong positive results were detected in cells 

and primarily macrophages 28. 

Dicarbonyls “oxoaldehydes”, such as GO, are of a significant concern due to their 

ability to covalently cross-link proteins due to formation of Amadori intermediate 

products and advanced glycation end-products (AGEs). Protein cross-linking has been 

found to be associated with pathophysiologies of aging and the long-term complications 

of diabetes and atherosclerosis 1. The plasma levels of GO and its advanced lipid 

peroxidation end-products are increased by more than three to four folds in diabetic and 

renal failure patients relative to healthy subjects 29. 

1-1-2. Carbohydrate or ascorbate autoxidation 

GO, unlike methylglyoxal, is a main degradation product of lipid peroxidation. It 

is also a main DNA oxidative degradation product resulted from the oxidation of 

deoxyribose C4ʹ/C5ʹ carbons by ROS leading to breaking of DNA strand. Consequently, 

GO could form adducts with DNA guanine. GO is the only dicarbonyl produced in 

glucose autoxidation by cleavage of C2-C3 bond of glucosone or other intermediates 1. 

Dicarbonyls produced during fructosyl-lysine autoxidation were GO > 3-deoxyglucosone 

> methylglyoxal 30. Ascorbate autoxidation has also a role in age-induced 
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cataractogenesis, which is associated with glycation of proteins by oxidized catabolites 

of ascorbate in the lens 31. 

GO is also produced through transition metal-catalyzed autoxidation of the ene-

diol tautomer of glycolaldehyde 32. Another dicarbonyl, hydroxypyruvaldehyde, is 

formed by the autoxidation of glyceraldehyde or dihydroxyacetone 33.  These dicarbonyls 

are the most reactive carbonyls. At low concentration levels (micromolar concentrations) 

they could form cross-link and glycate proteins and inactivate enzymes. On the other 

hand, glucose needs high concentration (about 20 mM) and very long autoxidation times 

to produce protein carbonylation and enzyme inactivation 34. 

1-1-3. Carbohydrate metabolism 

Methylglyoxal, contrast to GO, is produced enzymatically from triose phosphate 

intermediates, i.e. glyceraldehyde 3-phosphate and dihydroxyacetone phosphate, formed 

in the glycolic metabolism of glucose or from threonine and ketone bodies metabolism. 

It has also been evidenced that triose phosphate formation by the pentose phosphate 

pathway contributes to the production of methylglyoxal from xylitol, ribose, and 

deoxyribose, which are more efficient than glucose. The rate of methylglyoxal 

endogenous production has been anticipated to be about 120 µmol/day 35. 

1-1-4. Amine oxidases-catalyzed metabolic activation 

Monoamine oxidase (MAO) and polyamine oxidase (PAO) are FAD-dependent 

oxidases. MAO exists in the outer membrane of mitochondria and it is inhibited by 

pargyline, clorgyline, quinacrine, or deprenyl, while PAO exists in the cytosol and 

peroxisomes and it is inhibited by quinacrine. MAO presents in two forms, MAO-A (e.g. 

serotonine substrate) and MAO-B (e.g. phenethylamine and dopamine substrates). MAO 
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acts by catalyzing the deamination of amines, such as tyramine and tryptamine forming 

hydrogen peroxide, ammonia and the corresponding aldehydes (Fig. 1.2). Both of 

ammonia and phenylacetaldehyde are detoxified by mitochondria. As well, MAO-

catalyzed metabolism of the neurotransmitter gamma-aminobutyric acid produces 

succinic semialdehyde 1.  

PAO acts on diamine or polyamine substrates (e.g. spermine, acetylspermine and 

diacetylspermine) producing hydrogen peroxide but without ammonia. Oxidation of 

spermine by PAO forms spermidine and 3-aminopropanal. 3-Aminopropanal is a strong 

lysomotropic neurotoxin, additionally it spontaneously forms ACR. Both of 3-

aminopropanal and ACR are the most cytotoxic products in brain injury 36.   

 

Fig. 1.2: Formation of 4-hydroxyphenylacetaldehyde and indoleacetaldehyde by MAO 

and formation of formaldehyde and methylglyoxal by serum SSAO 
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The copper-dependent amine oxidases (semicarbazide-sensitive amine oxidase, 

SSAO) including serum amine oxidase (serum SSAO) and tissue diamine oxidase (tissue 

DAO) are inhibited by copper chelating agents like semicarbazide and aminoguanidine. 

DAO is generally located in kidney and intestinal mucosa, but it is also stimulated by 

putrescine or injury in the heart, liver and brain. Serum SSAO presents in the vascular 

system as soluble or membrane forms, for example in the kidney cells, cardiovascular 

smooth muscles and cartilage. Serum SSAO and DAO act by detoxification of xenobiotic 

amines, but they generate toxic aldehydes, hydrogen peroxide and ammonia, which 

contribute to the vascular damage and advanced protein aggregation found in vascular 

disorders, such as diabetic complications, atherosclerosis, Alzheimer’s disease and 

aging1. 

DAO uses the diamines putrescine, cadaverine and spermine, and generates 

aminoaldehydes. ACR is produced from spermidine while 3-aminopropanal/MDA is 

produced from 1,3-propanediamine. On the other hand, MAO catalyzes the oxidative 

deamination of spermine, spermidine, or the industrial chemical allylamine in the plasma 

producing the highly toxic ACR 37. As well, formaldehyde is also produced by the action 

of serum SSAO on methylamine (Fig. 1.2) which is a metabolite of epinephrine, sarcosine 

and creatinine, and a gut bacterial product. Also, serum SSAO uses aminoacetone, a 

decarboxylation product produced by the metabolism of threonine, to produce 

methylglyoxal (Fig. 1.2) 1. 

The ACR produced by serum SSAO in the coronary artery was thought to be 

linked to the coronary artery contraction causing myocardial necrosis that is induced by 

allylamine 38. Increased levels of serum SSAO and methylglyoxal were also detected in 

uncontrolled cases of diabetes. It has also been suggested that increased levels of 
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methylglyoxal and formaldehyde produced by serum SSAO from aminoacetone and 

methylamine, respectively, resulted in cross-linking of proteins of vascular endothelial 

cells and cell injury associated with diabetic atherosclerosis 39. High levels of serum 

SSAO is also increased in patients with congestive heart failure. Amine oxidase inhibitors 

generally stop the cytotoxicity of polyamine oxidation products. Currently, 

aminoguanidine is the only DAO and serum SSAO inhibitor used in the clinic 1. 

1-1-5. Cytochrome P450-catalyzed metabolic activation 

Cytochrome P450 catalyzes the oxidation of alcohols such as glycerol, ethylene 

glycol, 1,2-propane diols, or polyhydroxylated alcohols containing vicinal diols forming 

aldehydes with one less carbon atom than the initial alcohol substrates 40,41. CYP2E1 

catalyzes the endogenous formation of methylglyoxal from ketone bodies. Acetone is 

hydoxylated to hydroxyacetone (acetol) which is in turn hydroxylated to  

methylglyoxal 42.  

1-1-6. Myeloperoxidase-catalyzed metabolic activation  

Plasma contains MPO and hydrogen peroxide (generated from activated 

neutrophils at locations of inflammation), in addition to chloride (0.1 M) and α-amino 

acids (4–5 mM). The oxidation of protein arginine, lysine or proline catalyzed by 

MPO/hydrogen peroxide by radical mechanism produces semialdehydes. Where, the 

oxidation of alanine, valine, and serine resulted in the formation of formaldehyde 43. The 

intermediate chloramines during the MPO/hydrogen peroxide/Cl- or HOCl-catalyzed 

oxidation of threonine give ACR and 2-hydroxypropanal as main products. Meanwhile, 

glycolaldehyde was produced as a main product from serine via intermediate chloramines 

(Fig. 1.3) 44.  
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Fig. 1.3: Formation of aldehydes via MPO-catalyzed metabolic activation 

The formation of these aldehydes in the blood vessels probably resulted in the 

propagation of diabetic vascular disease. The aldehydes yield is expected to be greater 

than that was found due their autoxidation by peroxidases. This is important from 

toxicology point of view, because the electronically excited carbonyl intermediates and 

hydroperoxy-aldehyde intermediates produced by peroxidases from some aldehydes are 

reactive DNA oxidants 45.  

1-2. Challenges in analytical determination of aldehydes  

Quantification of aldehydes in biological fluids at trace and ultra-trace levels is 

one of the most difficult experimental procedures representing a challenge to analytical 

chemists for many reasons. First, aldehydes are small molecules and most of them are 

very hydrophilic in nature. So, their retention at common liquid chromatography (LC) 

columns is difficult. Second, the aliphatic aldehydes exhibit very weak ultraviolet (UV) 

absorbance making their detection at UV detector very difficult. Although, α,β-

unsaturated aldehydes have the advantage of presence of a chromophoric group and 
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subsequent possibility of UV detection at 220 nm, a limitation for application of this 

technique to in vivo determination of these aldehydes is still existing due to the lack of 

sensitivity and precision. Thirdly, the high polarity of aldehydes represents a main 

problem for detection by mass spectrometry (MS) due to their poor ionization and 

fragmentation properties 46. A fourth problem associated with the analytical determination 

of aldehydes is their high reactivity enabling them to form adducts with endogenous 

biomolecules such as DNA and proteins. Hence, it is very difficult to recover them from 

biological matrices owing to high water solubility 11.  Fifth, the poor stability of aldehydes 

is of a great concern. When extracted from urine, aldehydes suffer from degradation to 

aliphatic carboxylic acids 47. In addition, the volatile nature of aldehydes represents a 

sixth limitation for their analytical determination 11.  

In all these analytical challenges, the concept of derivatization can play a very 

important role. Derivatization decreases the polarity of aldehydes and improves their 

retention and chromatographic behavior on LC columns. Also, it enables the detection of 

aldehydes at UV, fluorescence (FL) and chemiluminescence (CL) detectors. As well, 

derivatization improves the MS detectability of aldehydes by enhancing their ionization 

efficiency and fragmentation properties. Additional advantages gained by derivatization 

are increasing the stability of aldehydes, improvement of their separation from matrix 

components and improvement of their chromatographic separation 47. The choice of the 

derivatizing agent, the analytical method and the extraction procedure play a very 

important role for selective and sensitive determination of aldehydes 
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1-3. Aim of the thesis 

Due to the clinical importance of in vivo measuring of aldehydes, imparted from 

their significance as key parameters for monitoring lipid peroxidation, AGEs and activity 

of amine oxidases, in this study our main goal is to develop highly sensitive, selective and 

reliable analytical methods for trace analysis of some clinically important aldehydes in 

human serum. We also aimed at using these methods to monitor the differences between 

the levels of these aldehydes in the serum of healthy and diseased human subjects. The 

planned analytical strategy to achieve these goals is to apply the condensation reaction of 

aldehydes with α,β-diketo compounds in presence of ammonium acetate forming 

imidazole derivatives which could be detected by FL or MS detection. These methods 

will help to provide information about the relationship between the levels of these 

aldehydes and the onset of different diseases. Also, we aim at developing an analytical 

method capable of monitoring serum SSAO activity via measuring the aldehyde formed 

after introduction of exogenous amine substrate to a biological matrix containing the 

enzyme. Thus we can determine the alteration in the activity of the enzyme at different 

clinical conditions. For this purpose, we intend to use the acid-catalyzed condensation 

reaction of α,β-diamino compound with aldehyde forming highly fluorescent imidazole 

derivative. 



 
 

 
 

 

 

Chapter II 

Analytical method for lipoperoxidation relevant 

reactive aldehydes in human sera by high-

performance liquid chromatography-

fluorescence detection 

Mahmoud H. El-Maghrabey, Naoya Kishikawa, Kaname 

Ohyama, Naotaka Kuroda, Analytical Biochemistry 464 

(2014) 36–42. DOI: 10.1016/j.ab.2014.07.002. 

 

  



 
 

 
 

 

  



   Chapter II 
 
 

13 
 

2-1. Introduction  

Among the carbonyl compounds produced as a result of lipid peroxidation, 

alkanals are the least reactive. Alkenals containing unsaturated bond, such as ACR, are 

usually an order of magnitude more reactive than the alkanals. 4-Hydroxy-2-alkenals, 

such as HNE, are extremely reactive due to increased reactivity of the α,β-unsaturated 

bond by the close proximity of the electron withdrawing hydroxyl at C4 and the C1-

carbonyl group. The di-aldehydes, such as GO and MDA, are also very reactive since the 

two aldehydic moieties can form Schiff bases with amino acids 8. In consequence, these 

four lipoperoxidation relevant reactive aldehydes (LPRRAs); GO, ACR, MDA and HNE 

(Fig. 2.1) are considered the most reactive and harmful, and could be used as good 

biomarkers of oxidative damage and disease progression 28. So there is a strong need for 

a method that could simultaneously determine these LPRRAs to investigate their patterns 

in healthy and diseased conditions.  

  

 

 

 

Fig. 2.1: Structures of the studied LPRRAs, where (A) GO, (B) ACR, (C) MDA and (D) 

HNE 

 



   Chapter II 
 
 

14 
 

Levels of these LPRRAs have been determined in different matrices either 

individually or in combination with each other or with other carbonyl compounds as has 

been reviewed by Shibamoto 11. Some methods were recently published for determination 

of GO such as gas chromatography-MS (GC-MS) 48, GC-flame ionization detection 49 

and High performance liquid chromatography (HPLC)-FL following derivatization with 

5,6-diamino-2,4-hydroxypyrimidine sulfate 50 or 4-methoxy-o-phenylenediamine 51. 

ACR has also been determined by HPLC-FL after derivatization with luminarin 52, 3-

aminophenol 53, or 1,2-diamino-4,5-dimethoxybenzene 54, and by HPLC-peroxyoxalate 

CL after fluorescence labeling with 4-(N,N-dimethylaminosulfonyl)-7-hydrazino-2,1,3-

benzoxadiazole (DBD-H) 55. MDA has been determined by LC and GC methods 56, 

HPLC-CL using potassium permanganate/formaldehyde system 57, capillary 

electrophoresis-FL after derivatization with thiobarbituric acid 58 and surface-enhanced 

Raman spectroscopy after derivatization with thiobarbituric acid 59. As for HNE, HPLC-

UV detection based on derivatization with 2,4-dinitrophenylhydrazine (DNPH) 60, 

HPLC-FL after derivatiztion with DBD-H 61 and GC-electron capture detection 62 have 

been reported for its determination.  

Only one GC method with nitrogen phosphorous detection was developed for the 

simultaneous determination of ACR, MDA and HNE in lipids following derivatization 

with N-methylhydrazine 63. A LC-MS method was reported for the simultaneous 

determination of several classes of aldehydes including ACR, MDA and HNE in exhaled 

breath condensate after derivatization with DNPH 64. These methods involved the use of 

expensive instrumentation that are not available in many laboratories and were only 

applied to either lipids 63 or exhaled breath condensate 64. This initiates the present study 
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to develop and validate a new analytical method for the simultaneous determination of 

LPRRAs in human serum and estimation of their pattern in diseased conditions. 

1,2-Di(2-furyl)-1,2-ethanedione (2,2'-furil) is an α,β-diketo compound that has 

been used in our laboratory as a new fluorogenic derivatization reagent for determination 

of a number of saturated aliphatic aldehydes in human serum 65. 2,2'-Furil reacts with 

aldehydes in the presence of ammonium acetate forming highly fluorescent imidazole 

derivatives (Fig.2.2). The selectivity, sensitivity, and superiority of 2,2'-furil over other 

reported aldehydes-derivatizing reagents 65 encouraged us to use it for pre-column 

derivatization of the four LPRRAs (GO, ACR, MDA and HNE) prior to HPLC-FL. We 

aim at applying the proposed method for the determination and comparison of the patterns 

of these LPRRAs in sera of healthy human subjects, diabetes mellitus and rheumatoid 

arthritis patients. 

 

 

Fig. 2.2: Scheme for the fluorogenic derivatization reaction of the target aldehydes with 

2,2'-furil and ammonium acetate. 
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2-2. Experimental  

2-2-1. Materials and reagents 

All reagents were of analytical grade and used as received. ACR monomer (90%, 

w/v) and 2,2'-furil were obtained from Tokyo Chemical Industries (Tokyo, Japan). GO 

(40%, w/v) and MDA tetrabutylammonium salt (96%, w/w) were supplied from Sigma 

Aldrich (St. Louis, MO, USA). HNE (1%, w/v) was purchased from Cayman Chemical 

Company (Ann Arbor, MI, USA). Ammonium acetate, citric acid monohydrate and 

phosphate buffer saline (PBS) powder were purchased from Wako Pure Chemical 

Industries (Osaka, Japan). Methanol (HPLC grade) was obtained from Kanto Chemical 

Company (Tokyo). Glacial acetic acid and di-sodium hydrogen phosphate dodecahydrate 

were purchased from Nacalai Tesque (Kyoto, Japan). The used water was purified by a 

Simpli Lab UV (Millipore, Bedford, MA, USA).  

Stock solutions of GO, ACR, MDA and HNE (5.0 mM) were separately prepared 

in methanol. A mixed standard solution containing the four aldehydes (200.0 µM of each 

aldehyde) was prepared by diluting the stock solutions with methanol then diluted with 

the same solvent as needed to obtain the required concentrations. 8.0 mM 2,2'-Furil and 

3.0 M ammonium acetate were prepared in methanol and glacial acetic acid, respectively. 

0.01 M PBS was prepared in water. All solutions were kept in the refrigerator at 4 °C 

except for the HNE stock solution and the mixed standard solution containing the four 

aldehydes were kept at -80 °C. 
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2-2-2. Instrumentations and chromatographic conditions  

The HPLC system (Fig. 2.3) consisted of  two Shimadzu LC-20AD pumps 

(Kyoto), a Rheodyne injector (Cotati, CA, USA) with a 20  µL sample loop, a Cosmosil 

5C18-MS II column (250 mm × 4.6 mm i.d., 5µm particle size) from Nacalai Tesque, a 

Shimadzu RF-20AXS fluorescence detector and an EZ Chrom Elite chromatography data 

acquisition system (Scientific software, Pleasanton, CA, USA). Analysis was performed 

at ambient temperature. Gradient elution was performed using two mobile phases; A: 

methanol-citrate phosphate buffer (5.0 mM; pH 5.0) (48:52, v/v %) and B: methanol-

citrate phosphate buffer (5.0 mM; pH 5.0) (80:20, v/v %) were pumped at a flow rate of 

1.0 mL/min in the following gradient elution mode: 0% B (0-22.0 min), 0% B to 100% B 

linearly (22.0-32.0 min) and 100% B (32.0-40.0 min). The fluorescence detector 

wavelengths were set at 355 nm for emission and 250 nm for excitation. 

The fluorescence spectra were recorded on a Shimadzu RF-1500 

spectrofluorophotometer. Horiba F22 pH-meter was used to adjust the pH of the buffer. 

The samples were centrifuged using Himac CR 15 refrigerated centrifuge (Hitachi Koki 

Co., Ltd., Tokyo). Yamato HF-41 heating block (Tokyo) was used in the derivatization 

process. The solutions were evaporated in Eyela CVE-3100 solvent centrifugal 

evaporator (Tokyo Rikakikai Co., Ltd., Tokyo). 
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Fig. 2.3: Schematic diagram of the HPLC-FL system 

P1: pump 1, P2: pump 2, I: injector, ODS column:  Cosmosil 5C18-MS II column (250 mm 

× 4.6 mm i.d., 5µm particle size), FLD: fluorescence detector, R: read out, buffer: citrate 

phosphate buffer (pH 5.0; 5.0 mM) 

 

2-2-3. Clinical samples 

The present experiments were approved by the Ethics Committee of the School of 

Pharmaceutical Sciences, Nagasaki University, Japan, and performed in accordance with 

the established guidelines. Serum samples from 6 diabetic patients (2 females and 4 

males; mean age 53.2±10.7) and 6 rheumatoid arthritis patients (3 females and 3 males; 

mean age 56.7±15.3) in addition to a control group of 6 healthy subjects (2 females and 

4 males; mean age 52.0±7.5) were supplied by Sasebo Chuo Hospital (Nagasaki, Japan) 

and stored at -80 °C until analyzed.  
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2-2-4. Assay procedure for LPRRAs in human serum 

To 50 µL of human serum, spiked with the targeted aldehydes, 950 µL of 

methanol was added to denature proteins. The mixture was mixed for 30 seconds then 

centrifuged at 2200×g for 5 min at 4°C. A 500 µL portion of the supernatant was 

transferred to a screw-capped vial followed by 400 µL of 8.0 mM 2,2'-furil and 150 µL 

of 3.0 M ammonium acetate. The mixture was heated at 90 °C for 30 min then cooled. 

The solution was evaporated and the residue was reconstituted with 100 µL of the mobile 

phase then mixed for 1 min and filtered through 0.45 µm cellulose acetate membrane 

filter. An aliquot of 20 µL was injected into the HPLC system. Blank experiment and 

analysis of pattern of aldehydes in healthy and diseased human subjects were carried out 

using unspiked serum. For preparation of reagent blank and standard mixture 

chromatograms, the previous procedure was adopted with replacing serum with 50 µL of 

PBS. 

2-2-5. Validation procedure 

Validation of the proposed method was performed following U.S. Guidance for 

Industry on Bioanalytical Method Validation (Food and Drug Administration, FDA) 66. 

Calibration curves for the four LPRRAs were constructed in human serum using six 

concentrations for each aldehyde. The limits of detection (LOD) were calculated as the 

concentrations with a signal-to-noise ratio (S/N) of 3.  

Accuracy of the proposed method was evaluated by the closeness of the mean test 

results obtained by the proposed method to the true concentration of the analytes. Serum 

samples spiked with a standard mixture of aldehydes at three different concentrations 

were analyzed for the assessment of accuracy. Percentage recoveries were expressed as 

follows: 
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% Recovery = [(amount found/amount spiked) x100]. 

To evaluate the intra- and inter-day precision of the proposed method; five 

replicates of three sets of human serum samples spiked with standard mixture of LPRRAs 

at three concentration levels were analyzed on five successive times within the same day 

and on five successive days, respectively. 

2-2-6. Statistical analysis 

The data are presented as mean ± standard error (SE) for the number of 

experiments. In order to compare the levels of the four targeted aldehydes in the three 

studied groups (healthy subjects, diabetic, and rheumatoid arthritis patients), Kobayashi 

decision tree 67 was employed. Bartlett's test was used as a test for the equality of k 

variances. It was found that the k sampled populations have unequal variances and Steel's 

Dwass test for comparing all pairs was used 67. All the statistical tests were two-sided at 

a significant level of α=0.05. 

2-3. Results and discussion 

2-3-1. Fluorescence characteristics of the products 

2,2'-Furil has been proven as a selective reagent for aldehydes. Also it is stable 

and safe compared to other fluorescence derivatizing agents such as hydrazine  

reagents 65. 2,2'-Furil reacts with the target aldehydes in the presence of ammonium 

acetate in glacial acetic acid at 90°C converting them to highly fluorescent 

difurylimidazole derivatives (Fig. 2.2). The formed derivatives exhibited high 

fluorescence intensity at 355 nm after excitation at 250 nm (Fig. 2.4). Both 2,2'-furil and 

ammonium acetate exhibit no native fluorescence, however fluorescence was observed in 

the blank free from aldehydes. This is probably due to incorporation of short chain 
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aliphatic aldehydes from the regents, solvents or from the air 68. Additionally, 2,2'-furil 

was reported to react with ammonium acetate in the presence of glacial acetic acid, in the 

absence of any aldehydes, producing trifurylimidazole fluorescent product 69. 

 

Fig. 2.4: Fluorescence spectra of MDA-2,2'-furil derivative and reagent blank, where; 

(A), (B): excitation and emission spectra of MDA-2,2'-furil derivative, respectively,  

(A'), (B'): excitation and emission spectra of reagent blank, respectively. 

2-3-2. Optimization of chromatographic conditions 

          Initially, isocratic separation of the four analytes was investigated. We first used an 

isocratic HPLC system to separate the four aldehydes' derivatives but this was not 

possible due to the different natures of the analytes since GO, ACR and MDA are 

hydrophilic (C2, C2  and C3 aldehydes, respectively) while, HNE is lipophilic (C9 

aldehyde). Using a mobile phase consisting of methanol-citrate phosphate buffer (5mM; 

pH 5.0) (48:52, v/v %), the derivatives of GO, ACR and MDA were well separated, but 

no peak for HNE derivative appeared up to 2 h. Increasing the ratio of methanol in the 

mobile phase resulted in co-elution of GO, ACR and MDA. Hence, a gradient elution 
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mode was adopted for separation of the analytes within a reasonable time. Two mobile 

phases; A: methanol-citrate phosphate buffer (5 mM; pH 5.0) (48:52, v/v) and B: 

methanol-citrate phosphate buffer (5mM; pH 5.0) (80:20, v/v %) were pumped at a flow 

rate of 1.0 mL/min in the gradient elution mode mentioned earlier (section 2-2-2.).  

The influence of pH of the mobile phase on the separation of the four derivatives 

was studied using buffer solutions of different pH values (3.2-7.0). pH 5.0 was found to 

be the optimum for best peak symmetry and resolution, at pH values higher than 5.0, peak 

broadening was observed specially for ACR peak, meanwhile at pH values less than 5.0 

the resolution decreased and complete overlapping between the peaks of GO, ACR and 

MDA occurred at pH 4.0. The influence of ionic strength of buffer was also investigated 

over the range of 2.5-10.0 mM and it was found to exhibit a negligible effect on the 

resolution, shape and symmetry of the peaks. 5.0 mM buffer was used in this study.  

Different columns including monomeric Cosmosil 5C18-MS II (250 mm × 4.6 mm 

i.d., 5µm particle size), polymeric Cosmosil 5C18-AR II (250 mm × 4.6 mm i.d., 5µm 

particle size) and Cosmosil 5C8-MS (150 mm × 4.6 mm i.d., 5µm particle size) were also 

tested. The optimum separation was accomplished on a Cosmosil 5C18-MS II column 

(250 mm × 4.6 mm i.d., 5µm particle size).  

Typical chromatograms for a standard mixture of the four LPRRAs derivatives 

and reagent blank are shown in Fig. 2.5. Baseline resolution of the four LPRRAs 

derivatives was achieved with the retention times (tR) of 3.1, 8.0, 19.8 and 36.9 min for 

GO, ACR, MDA and HNE, respectively and a total chromatographic run was completed 

with less than 40 min.  
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Fig. 2.5: Representative chromatograms of (A) reagent blank, (B) standard mixture of 

the studied aldehydes (5 nmol/mL each), where: 1=GO, 2=ACR, 3=MDA, 4=HNE, * 

acrolein dimer. 

A blank peak was observed in all chromatograms, this might be attributed to the 

presence of short chain aliphatic aldehydes as impurities 68 or from the reaction of 2,2'-

furil with ammonium acetate in the presence of glacial acetic acid as we discussed  

earlier 69. Meanwhile, when injecting ACR following derivatization, two peaks were 

observed at tR of 8.0 and 24.8 min. This might be attributed to the presence of ACR dimer 

as an impurity in the standard solution 70 which reacts with 2,2'-furil giving a fluorescent 

derivative at tR of 24.8 min. Nevertheless, this peak did not interfere with the peaks of the 

target analytes proving selectivity of the proposed method. 

2-3-3. Optimization of derivatization conditions 

In order to obtain the highest sensitivities, derivatization conditions including 

reagent concentrations, heating temperature and time were optimized using a standard 
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mixture of the four LPRRAs (5.0 nmol/mL each) spiked to human serum. The influence 

of 2,2'-furil concentration was investigated over the range of 0.4-12.0 mM, where 

increasing the concentration of the regent produced a corresponding increase in the peak 

areas of the formed derivatives with maximum response obtained using 8.0 mM (Fig. 

2.6).  

  

Fig. 2.6: Effect of 2.2'-furil concentration on the relative peak area of the studied 

aldehydes derivatives (5.0 nmol/mL). 

Also, the effect of ammonium acetate concentration was studied from 0.5 to  

4.0 M. Increasing the concentration of ammonium acetate resulted in proportional 

increase in the peak areas of ACR and MDA derivatives with minor effects on the peak 

areas of GO and HNE derivatives. The optimum concentration was found to be 3.0 M 

ammonium acetate giving maximum and constant peak areas for all aldehydes derivatives 

(Fig. 2.7).  
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Fig. 2.7: Effect of ammonium acetate concentration on the relative peak area of the 

studied aldehydes derivatives (5.0 nmol/mL). 

The effect of heating temperature was also investigated, where it was found that 

increasing the temperature gave rise to a corresponding increase in the peak areas up to 

90 °C after which further increase in the temperature resulted in a gradual decrease in the 

analytical response for all of the studied aldehydes except MDA (Fig. 2.8) which may be 

attributed to the instability of their reaction product at higher temperatures. Thus, 90 °C 

was used as the optimum heating temperature for performing the reaction.  

 

Fig.2.8: Effect of reaction temperature on the relative peak area of the studied aldehydes 

derivatives (5.0 nmol/mL). 
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The influence of heating time on the derivatization reaction was also investigated 

where; maximum peak areas were obtained upon heating for 30 min after which a slight 

decrease of the peak areas was observed (Fig. 2.9). 

 

Fig.2.9: Effect of reaction time on the relative peak area of the studied aldehydes 

derivatives (5.0 nmol/mL). 

2-3-4. Validation of the proposed method 

Results of the validation study of the proposed method agree well with the 

Guidance for Industry on Bioanalytical Method Validation 66. A linear dependence of the 

concentration on the average peak areas was achieved for each of the studied analytes 

with correlation coefficients ranged from 0.997 to 0.9998. The LOD (S/N = 3) were 

ranged from 0.030 to 0.11 nmol/mL. Calibration ranges, regression equations, correlation 

coefficients, and LOD of the four LPRRAs are summarized in Table 2.1. 
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Table 2.1 Calibration ranges, regression equations, correlation coefficients and detection 

limits for the target aldehydes in spiked serum 

Compound Range, nmol/mL Regression equation a, n = 3 r b 

LODc, nmol/mL 

(pmol/injection) 

GO 0.100–5.00 Y= 3.10 x 105 +  8.40 x 105 X 0.997 0.030 (0.60) 

ACR 0.200–10.0 Y= 11.5 x 105 +  6.50 x 105 X 0.999 0.060 (1.2) 

MDA 0.200-40.0 Y= 62.2 x 105 + 10.3 x 105 X 0.999 0.050 (1.0) 

HNE 0.400–10.0 Y= -6.20 x 105 +  16.9 x 105 X 0.9998 0.11 (2.2) 

 

a Y= peak area, X= aldehyde concentration (nmol/mL). 

b Correlation coefficient. 

c S/N= 3. 

 

The accuracy and precision of the proposed method were also examined using 

three concentration levels for each aldehyde. It was found that the accuracy of the 

determinations was ranged from 95.5 to 103%. The % RSD values for intra-day (n = 5) 

and inter-day (n = 5) precision were 0.50–5.0% and 1.1–6.2%, respectively. Results of 

accuracy and precision studies are summarized in Table 2.2. These results indicate that 

the proposed method enables precise and accurate analysis of the targeted four LPRRAs 

in human serum. 

 

 

 

 

 

http://www.sciencedirect.com/science/article/pii/S0021967313004986#tblfn0015
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Table 2.2 Accuracy and precision of the proposed method for the determination of the 

target aldehydes in spiked serum 

Aldehyde 

Spiked 

amount 

(nmol/mL) 

Intra-day (n = 5) Inter-day (n = 5) 

Found 

amount 

(nmol/mL) 

Accuracy  

(%) 

Precision 

(% RSD) 

Found 

amount 

(nmol/mL) 

Accuracy  

(%) 

Precision 

(% RSD) 

GO 0.200 0.191 95.5 4.60 0.193 96.5 4.10 

2.00 1.91 95.5 5.00 1.91 95.5 5.30 

5.00 4.91 98.2 1.70 4.90 98.0 4.10 

ACR 0.500 0.498 99.6 0.500 0.516 103 6.20 

5.00 4.91 98.2 1.80 4.91 98.2 2.00 

10.0 9.88 98.8 1.10 9.92 99.2 1.20 

MDA 0.500 0.481 96.2 3.90 0.494 98.8 2.10 

15.0 14.8 98.7 1.70 14.8 98.7 1.40 

30.0 29.8 99.3 0.900 29.7 99.0 1.10 

HNE 1.00 0.993 99.3 1.50 0.962 96.2 3.60 

5.00 4.88 97.6 2.50 4.92 98.4 1.50 

10.0 9.92 99.2 0.900 9.73 97.3 3.90 

 

2-3-5. Application to the analysis of serum samples from healthy and diseased 

human subjects 

The proposed HPLC-FL method was applied to the determination of the four 

LPRRAs in the sera of healthy and diseased human subjects. Fig. 2.10 shows typical 

chromatograms of spiked serum and serum samples from healthy control subjects, 

diabetic and rheumatoid arthritis patients determined by the proposed method. Although 

several peaks that are attributed to the biological components other than the reagent blank 
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were detected in the chromatogram of serum samples, the peaks of the studied LPRRAs 

could be clearly separated and detected without any interference.  

The levels of the target LPRRAs were compared between control group, diabetic 

and rheumatoid arthritis patients using Steel's Dwass test 67 for comparing each pair and 

the results are abridged in Table 2.3. The statistical tests were two-sided at a significant 

level α = 0.05. The level of the LPRRAs in healthy subjects were found to be 1.04±0.060, 

1.26±0.28, 15.1±0.52 and 0.960±0.060 for GO, ACR, MDA and HNE, respectively, and 

these values show good agreement with other previous reports 49,71–74.  

 

Fig. 2.10: Chromatograms of (A) healthy human serum, (B) human serum spiked with a 

standard mixture of the studied aldehydes (5.0 nmol/mL each), (C) diabetic patient serum, 

and (D) rheumatoid arthritis patient serum; where peaks 1-4: as in Fig. 2.5. 
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Table 2.3 Statistical analysis of the results for determination of the target aldehydes in 

healthy, diabetic and rheumatic patients' sera. 

Groups 

(n=6) 
Parameters 

LPRRAs data 

GO ACR MDA HNE 

control Range (nmol/mL) 0.900-1.26 0.660-2.18 13.4-16.6 0.780-1.14 

Mean ± SE 1.04±0.060 1.26 ±0.28 15.1±0.52 0.960±0.060 

diabetic 

patients Range (nmol/mL) 1.68-4.04 4.60-9.29 21.1-30.5 1.19-1.36 

Mean ± SE 2.75 ±0.34 6.35 ±0.71 25.6±1.8 1.27±0.030 

rheumatic 

patients 

Range (nmol/mL) 0.700-2.06 2.29-3.71 35.2-39.6 1.37-2.47 

Mean ± SE 1.34 ±0.18 2.92 ±0.20 36.95±0.62 1.78±0.17 

Statistical 

analysis  

Bartlett (p) 0.00400
a
 1710.0

a
 0.0328

a
 0.00180

a
 

Control  vs 

Diabetic 

(p)b 0.0141
a
 0.0141

a
 0.0141

a
 0.0141

a
 

Control  vs 

Rheumatic 

(p)b 0.281
c
 0.0141

a
 0.0141

a
 0.0141

a
 

Diabetic vs 

Rheumatic 

(p)b 0.0349
a
 0.0141

a
 0.0141

a
 0.0141

a
 

 

a P < 0.05. 

b Steel's Dwass test. 

c Non-significant. 

 

Statistical analysis revealed the presence of significantly higher concentration of 

GO, ACR, MDA and HNE in diabetic patients when compared to healthy controls, which 

is in accordance with previous reports 21,26,29,54,55,61. The increased level of MDA and HNE 

in diabetic patients is attributed to the catalysis of lipoperoxidation by free glucose and 

glycosylated collagen 75. It had also been demonstrated that oxidation of the glycation 

products can release dicarbonyls such as GO and short chain aldehydes such as ACR. 

This process of glycoxidation takes place when there is an extra amount of glucose 
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coupled with high levels of oxidants, and this is the case in diabetes 8. Also, GO may arise 

from enzymatic and non-enzymatic degradation of glucose 76. 

On the other hand, the levels of ACR, MDA and HNE were found to be 

significantly higher in the sera of rheumatoid arthritis patients compared to the healthy 

controls, which is similar to previously reported results 27,55. Meanwhile, there was no 

significant difference in the concentration of GO in the two groups. The elevated levels 

of MDA and HNE in rheumatoid arthritis patients are probably due to high level of ROS 

produced by activated polymorphonuclear cells and injury resulting from ischemia and 

reperfusion in the inflamed joints 77. Besides oxidative stress and increased 

lipoperoxidation, the presence of ACR at a significantly higher concentration in 

rheumatic group might be also attributed to the oxidative deamination of polyamines 78 

which were previously detected in high levels in rheumatic patients' urine samples 79.  

Comparing the levels of the four LPRRAs in rheumatic and diabetic groups, HNE 

and MDA were found to be present in significantly higher levels in rheumatic sera than 

in diabetic sera. Since the main source of these two aldehydes is lipid peroxidation 22,77, 

we could conclude that the rates of oxidative stress and lipid peroxidation are relatively 

higher in rheumatic condition than in hyperglycemic one. On the other hand, the 

concentrations of GO and ACR were found to be significantly higher in serum of diabetic 

group than in rheumatic one. This might be due to the increase of glycation and 

glycoxidation processes in diabetic patients 8,28.  

It is worth noting that the present work is the first study that explores and 

compares the patterns of the most harmful LPRRAs (GO, ACR, MDA and HNE) in these 

two diseased conditions. However, there are some reports that determine these 
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compounds in different biological, environmental or lipid matrices 11,48–53,56–60,62–64, none 

of these methods simultaneously determine these LPRRAs in human serum. 

2-3-6. Comparison of the analytical performance of the proposed method and 

published literature 

The proposed method was found to be about 10, 59 and 1.5 times more sensitive 

than the reported GC-flame ionization detection 49 and HPLC-FL methods 50,51 for GO, 

respectively, 2.5 times more sensitive than the reported HPLC-FL method for ACR 52 and 

the HPLC-CL method for MDA 57 and 1.5 and 6.5 times more sensitive than HPLC-FL 

methods 53,54 for ACR, respectively. On the other hand, the proposed method showed 

comparable sensitivity to the reported HPLC-FL61 and HPLC-UV 60 methods  for HNE, 

yet these methods involved time consuming 60,61  and tedious extraction procedure 60. 

Even though some of the published literature for LPRRAs exhibits higher sensitivity than 

the present method, but they either entail the use of sophisticated very expensive 

instrumentation 48,62–64 or instruments that are unavailable in many laboratories 59 or the 

use of a non-selective derivatizing agent such as hydrazine based reagents55,62–64 which 

are also unstable, flammable, and irritant 65 and thiobarbituric  

acid 58 that probably yields false high results due to likely interference from other 

thiobarbituric acid-reactive compounds including reducing sugars, pyrimidine and 

prostaglandin endoperoxides 59. 2,2'-Furil was proven as a stable derivatization reagent 

which is relatively safe compared with hydrazine reagents and highly selective relative to 

thiobarbituric acid.  
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2-4. Conclusions  

A sensitive, reliable and accurate HPLC method with fluorescence detection was 

developed and validated for the simultaneous determination of four LPRRAs including 

GO, ACR, MDA and HNE using 2,2'-furil as a sensitive and selective fluorogenic 

derivatizing reagent employing a gradient elution mode. The proposed method allowed 

monitoring the levels of such aldehydes in human serum with the aim of evaluating the 

oxidative status in healthy subjects and in patients suffering from diabetes and rheumatoid 

arthritis. The proposed method permitted the simultaneous determination of the patterns 

of LPRRAs in both healthy and diseased conditions. Using the proposed method, a 

significant increase in the levels of GO, ACR, MDA and HNE was detected in diabetic 

patients’ sera relative to healthy sera, while significantly elevated levels of ACR, MDA 

and HNE were detected in sera of rheumatoid arthritis patients compared to the healthy 

sera. In addition, a comparison of the levels of these aldehydes in sera of diabetic and 

rheumatic patients revealed significant elevation in the levels of HNE and MDA in 

rheumatic conditions than in diabetic ones, and elevated levels of ACR and GO in diabetic 

conditions than in rheumatic ones. 
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3-1. Introduction  

The in vivo lipid peroxidation process is associated with degenerative free radical 

propagation reactions which are involved in the production of many carbonyl compounds. 

Saturated aliphatic aldehydes (C3-C10) are produced by lipid peroxidation together with 

α,β-unsaturated aldehydes, dialdehydes, and other carbonyl compounds 80. Aldehydes are 

relatively more stable than free radicals and can spread inside or out of the cell attacking 

sites far from the original place of free radical-initiated actions 81.  

Elevated levels of hexanal, nonanal and decanal in plasma of haemodialysis 

patients compared to control group suggested the contribution of these aldehydes to the 

intoxication caused by increased lipid peroxidation in these patients. n-Alkanals have 

higher affinity for amino group than other types of aldehydes, which explains the highest 

negative correlation found only between the residual amino groups and total  

n-alkanals 82. 

Additionally, propanal, butanal, pentanal, hexanal and nonanal have been proven 

to have cytoxic effect on rat and human hepatocytes, which was increased by increasing 

the length of carbon chain. However, these n-alkanals have intrinsic genotoxic activity on 

rat hepatocytes only, with no effect on human hepatocytes 83.   

Saturated aliphatic aldehydes have been analyzed in different matrices by HPLC, 

mostly with UV or FL detection, following derivatization. The most widely used 

derivatizing agents for aldehydes are those based on hydrazine nucleus including 2,4,6-

trichlorophenylhydrazine (TCPH) 84, N-methyl-4-hydrazino-7-nitrobenzo-furazan 

(MNBDH) 85, DNPH 86–91, dansylhydrazine (DNSH) 92, DBD-H  93 and 1,3,5,7-

tetramethyl-8-aminozide-difluoroboradiaza-s-indacene (BODIPY-aminozide) 94. Some 
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hydrazine-based reagents have also been used in combination with MS detection such as 

DNPH 64,95, and DNSH 96. Despite the large number of analytical methods depend on 

them; hydrazine-based reagents have some inevitable drawbacks such as poor selectivity 

that probably introduces interferences from other carbonyl compounds e.g. ketones and 

small carboxylic acids. In addition, the formation of stereoisomeric hydrazone derivatives 

as reaction products may cause analytical errors. As well, hydrazine reagents are irritant, 

flammable, and unstable 97.  

Some other reagents that are not based on hydrazine nucleus were utilized for 

aldehyde derivatization such as O-2,3,4,5,6-(penta-fluorobenzyl)hydroxylamine 

(PFBHA) 98,99, and 1,3-cyclohexanedione (CHD) 100,101. However, these reagents 

exhibited some disadvantages such as poor selectivity 98,99, need for long derivatization 

time 100 and poor sensitivity 100,101. Interestingly, 2,2ˋ-furil has been used in our laboratory 

as a safe, stable, selective and sensitive fluorogenic derivatizing agent for aliphatic 

aldehydes 65.  

Additionally, some reagents have been used for derivatization of aldehydes to 

improve their ionization characters prior MS detection e.g. 4-(2-

(trimethylammonio)ethoxy)benzenaminium halide (4-APC) 68, 4-(2-((4-

bromophenethyl)dimethylammonio)ethoxy)benzenaminium dibromide 47, CHD-based 

reagents 102,103 and d0/d3-4-(1-methyl-1H-phenanthro[9,10-d]imidazol-2-yl) phenlamine 

(d0/d3-MPIA) 104. Though, these methods suffer from some shortcomings such as long 

reaction time of 3 hours 47,68,102–104, lower sensitivity 47,68,102,103, and poor selectivity104. 

In Chapter II, we used the α,β-diketo derivatizing agent, 2,2ˋ-furil, for 

quantification of LPRRAs (GO, ACR, MDA and HNE) in biological fluids with high 
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selectivity by HPLC-FL detection. The same reagent has also been used in our laboratory 

for derivatization of C5-C10 aldehydes prior HPLC-FL detection 65. The inspiring 

chemical and analytical characteristics of the formed imidazole derivatives motivated us 

to utilize this reaction as a model to design a LC electrospray ionization tandem mass 

spectrometry (LC/ESI-MS/MS) method with high selectivity and sensitivity for the 

screening of aliphatic aldehydes (C3-C10) in human serum. 

LC/MS is currently considered the most specific and selective technique for 

metabolites determination, where it combines the separation efficiency of LC and the 

specificity and sensitivity of MS. LC-MS/MS is a powerful technique with superior 

sensitivity and specificity relative to LC/MS. ESI is most commonly used for metabolites 

analysis due to its ability to cover a wide diversity of compounds than other atmospheric 

pressure ionization methods, e.g. atmospheric pressure chemical ionization 105. The poor 

ionization and fragmentation properties of aldehydes made their direct analysis by LC-

MS/MS impossible; hence derivatization is an efficient solution to enhance the MS 

detectability of aldehydes as well as improving their chromatographic behavior and 

sensitivity of the assay 46.  

In this study, several α,β-diketo reagents were evaluated to select the most proper 

one for aldehydes derivatization in terms of sensitivity and selectivity. 9,10-

Phenanthrenequinone (PQ) was our reagent of choice that enables MS detection of the 

aldehydes selectively in the low picomolar levels. Fig.3.1 illustrate the reaction between 

PQ and aldehydes in presence of ammonium acetate. A study on the screening of C3-C10 

aldehydes in human serum was conducted to demonstrate the applicability of the method 

in biological samples. 
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Fig. 3.1: Reaction pathway of the mass tagging of the target aliphatic aldehydes with 

PQ and ammonium acetate. 

 

3-2. Experimental 

3-2-1. Chemicals and reagents 

Analytical grade reagents were used in this study and solvents were of LC/MS 

grade. PQ, 2,2'-pyridil, 4,4'-dimethoxybenzil (p-anisil), 1,10-phenanthroline-5,6-dione 

(PAD), ammonium acetate, and nonanal were obtained from Sigma Aldrich. Butanal, 

pentanal, hexanal, heptanal, octanal, decanal, glacial acetic acid, formic acid, and 

ultrapure water (LC/MS grade) were obtained from Wako Pure Chem. Ind. Propanal, 

benzil, and sodium chloride were from Nacalai Tesque. Methanol and acetonitrile 

(LC/MS grade) were from Kanto Chem. Co. 3-Phenylpropanal (internal standard, IS) and 

2,2'-furil were purchased from Tokyo Chem. Ind., while ammonium formate was 

obtained from Kishida Chem. Co. (Osaka). 4-Dimethylaminobenzil (DMAB) was 

synthesized in our laboratory in two steps; first we synthesized 4-dimethylaminobenzoin 

as reported by Levi and Hauser 106 then it was converted to DMAB using Fehling’s 

solution107. 
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Stock solutions of the target aliphatic aldehydes (10.0 mM) were individually 

prepared in acetonitrile. Accurate volumes from the stock solutions of the eight aldehydes 

were mixed together and diluted with acetonitrile to obtain a mixed standard solution 

containing 4.0 µM of each aldehyde. Dilution of this solution was made as needed to 

obtain the required concentration levels. 3-Phenylpropanal (IS) solution (8.0 µM) was 

also prepared in acetonitrile. PQ solution (4.0 mM) was prepared in acetonitrile and 

ammonium acetate (2.0 M) was prepared in glacial acetic acid. The mixed standard 

solution and IS solution were stored at -30 °C, while all other solutions were stored at 4 

°C in the refrigerator. 

3-2-2. Instrumentation and LC/ESI-MS/MS conditions  

The LC system (Fig. 3.2) employed for the separation of the studied aldehydes 

consisted of a Waters 2695 separation module (Waters Co., Milford, MA, USA) with a 

Cosmosil 3C18-AR-II column (100 mm x 4.6 mm i.d., 3µm particle size) from Nacalai 

Tesque operated at 25 °C. Gradient elution was employed with a mobile phase mixture 

of methanol (A) and ammonium formate buffer (20 mM, pH 4.0) (B). For the first 3 min 

of the run, the percentage of A was increased linearly from 70% to 100%. For the next 7 

min the proportion of A was maintained at 100%. The initial composition of the mobile 

phase was re-established for 5 min before starting a new run. The flow rate of mobile 

phase was set at 0.5 mL/min and the sample injection volume was 20 µL. MS analysis 

was accomplished by a Quattro micro™ triple-quadrupole mass spectrometer (Waters 

Co.) fitted with an ESI source. Acquisition of positive-ion ESI–MS data was done at a 

capillary voltage of 5 kV, source temperature of 120 °C, desolvation gas temperature of 

350 °C and flow rate of 500 L/h, and cone gas flow rate of 40 L/h. Table 3.1 illustrates 

the cone voltage, collision voltage, precursor and product ions for the studied aldehydes 
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(C3-C10) and IS. The PQ-aldehyde derivatives were detected using the multiple reaction 

monitoring (MRM) mode. This strategy was considered to detect a specific product ion 

(m/z value of 231.9) by collision induced dissociation (CID). 

 

Fig. 3.2: Schematic diagram of the LC/ESI-MS/MS system 

P: pump, AI: auto injector, ODS column:  Cosmosil 3C18-AR II column (100 mm × 4.6 

mm i.d., 3µm particle size), MS/MS: triple quadrupole ESI-MS/MS detector, R: read out. 

Table 3.1 Optimum MS/MS conditions for the analysis of PQ derivatives of the studied 

aliphatic aldehydes 

Aldehyde Cone 

voltage (V) 

Collision 

voltage (V) 

Precursor 

ion 

Product ion 

Propanal 35 30 247.0 231.9 

Butanal 40 30 261.0 231.9 

Pentanal 45 30 275.0 231.9 

Hexanal 50 30 289.0 231.9 

Heptanal 50 30 303.0 231.9 

Octanal 50 35 317.1 231.9 

Nonanal 50 35 331.1 231.9 

Decanal 50 35 345.0 232.0 

3-Phenylpropanal (IS) 40 30 322.9 231.9 
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3-2-3. Clinical samples 

All conducted studies were approved by the Ethics Committee of the School of 

Pharmaceutical Sciences, Nagasaki University.  Serum samples from 14 healthy human 

volunteers (10 males and 4 females, mean age of 38.4 ± 13.1 years) were provided by 

Sasebo Chuo Hospital. Serum samples were kept at -80 °C and gently thawed before 

analysis.  

3-2-4. Derivatization procedure 

Aliquots of 50 µL PQ solution (4.0 mM) and 100 µL of ammonium acetate (2.0 

M) were mixed with 150 µL of aldehydes standard solution in a screw-capped vial, then 

heated for 30 min at 100 °C. After cooling, the solution was filtered with cellulose acetate 

membrane filter (0.45 µm) and 20 µL of the samples were injected to the LC/ESI-MS/MS 

via the auto injector. A reagent blank was prepared simultaneously. 

3-2-5. Serum samples treatment by salting out liquid-liquid extraction (LLE) 

A volume of 200 µL of serum was mixed with 10 µL IS, 390 µL acetonitrile, and 

0.2 g NaCl followed by centrifugation for 5 min at 3000×g. 150 µL of the supernatant 

was taken and the derivatization procedure was performed in the same way as for the 

standard solution. 

3-2-6. Validation procedure 

The Guidance for Industry on Bioanalytical Method Validation  66 was followed. 

The validation procedure included determination of calibration curves, limit of 

quantification (LOQ), LOD, accuracy, precision, recovery, and stability study. 
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Calibration curves were generated for the eight studied aldehydes (C3-C10) by 

spiking serum at six concentration levels (including the LOQ) for each aldehyde and 

plotting the relative peak area (peak area of analyte/peak area of IS) versus concentration 

(nM). The LOQ was also determined for the eight aldehydes as the minimum 

concentration in the calibration curves which can be determined with satisfactory 

accuracy (80-120%) and precision (% RSD of ≤20%) 66. In addition, the LOD was 

calculated as the concentration corresponding to S/N = 3. 

The method was also evaluated regarding accuracy and precision by replicate 

analyses of serum samples spiked with the analytes at three concentrations within the 

working linearity ranges (0.5, 5.0, and 50 nM for each aldehyde). Each concentration was 

measured five times and the average was calculated. The difference of the average from 

the exact value expresses the accuracy. The intra-day precision was calculated as the  

% RSD for the peak areas of five injections per concentration within one day, and the 

inter-day precision was also measured as the % RSD for the peak areas of replicate 

determinations on five successive days for each concentration66. 

Recovery studies were conducted to evaluate the efficiency of the extraction 

method. The recovery was calculated for the studied aldehydes at three concentration 

levels for each aldehyde (0.5, 5.0, and 50.0 nM) according to the following equation:  

% Recovery = 
relative  peak area of aldehyde extracted from serum samples 

relative  peak area of aldehyde in un−extracted standard solution
 x100 

Evaluation of the stability of aldehydes and IS solutions was conducted at room 

temperature for 6 h and at 4 °C for 1 week. Additionally, the stability of the mass tagging 

reagent PQ was tested at 4 °C up to 2 months. Also, the stability of the derivatized 

aldehydes and IS was also determined over the anticipated resident time in the 
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autosampler, i.e. up to 48 h at 4 °C. All of the stability studies were performed by 

comparison of the results obtained for old solutions with those for newly prepared ones. 

3-3. Results and discussion 

3-3-1. Preliminary screening for candidate derivatizing agents 

Aldehydes are small hydrophilic molecules that cannot be retained or separated 

on common reversed-phase LC columns resulting in week or no signals at the MS 

detector. Chemical derivatization has been long applied to improve stability, MS 

detectability, and chromatographic behavior of aldehydes.  

As we discussed in Chapter II,  the α,β-diketo compounds react with aldehydes in 

the presence of ammonium acetate in a one-pot reaction catalyzed by acetic acid at 90-

100 °C forming a stable imidazole derivative 65. In this study, we initially screened several 

α,β-diketo reagents for selective and sensitive derivatiziation of the target aldehydes (C3-

C10). The reagents investigated were PQ, PAD, 2,2′-pyridil, benzil, DMAB, p-anisil and 

2,2′-furil (Fig. 3.3).  

 

Fig. 3.3: Structures of the initially screened α,β-diketo reagents for the derivatiziation of 

the target aldehydes.         
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 We conducted the preliminary screening using both positive-ion and negative-ion 

ESI-MS/MS modes and heptanal as a representative aldehyde. The MS conditions, 

precursor and product ions for all reagents are summarized in Table 3.2. The product ion 

spectra for the reagents-heptanal derivatives are shown in Fig. 3.4-3.10.  

 

Table 3.2 The optimum MS/MS conditions for the studied α,β-diketo reagents 

Reagent (ESI 

mode) 

Capillary 

voltage (kV) 

Cone 

voltage (V) 

Collision 

voltage (V) 

Precursor 

ion 

Main product 

ion 

PQ (+) 5.0 50 30 303.0 231.9, 164.9 

PQ (-) -3.0 -50 -30 301.0 230.0 

Anisil (+) 5.0 55 30 365.1 350.1 

Anisil (-) -3.5 -40 -35  362.9 333.0 

Benzil (+) 5.0 50 30 305.0 194.0 

Benzil (-) -3.5 -50 -30 303.2 232.1 

DMAB (+) 5.0 50 50 348.0 222.0 

DMAB (-) -4.5 -35 -35 346.0 330.2 

Furil (+) 5.0 40 35 285.0 185.0 

Furil (-) -3.5 -40 -35 282.9 183.0 

Pyridil (+) 5.0 50 45 307.1 235.9 

PAD (+) 3 50 35 305.0 233.8 

PAD (-) -3 -50 -30 303.0 232.0 
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Fig. 3.4: Product ion spectra of heptanal derivatives of PQ using (A) ESI+ mode and  

(B) ESI- mode 
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Fig. 3.5: Product ion spectra of heptanal derivatives of p-anisil using (A) ESI+ mode 

and (B) ESI- mode 

 

 

 

 

(A) 

 

 

(B) 

 



   Chapter III 
  

 

47 
 

 

 

Fig. 3.6: Product ion spectra of heptanal derivatives of benzil using (A) ESI+ mode and 

(B) ESI- mode 
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Fig. 3.7: Product ion spectra of heptanal derivatives of DMAB using (A) ESI+ mode 

and (B) ESI- mode 
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Fig. 3.8: Product ion spectra of heptanal derivatives of 2,2’-furil using (A) ESI+ mode and (B) 

ESI- mode 
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Fig. 3.9: Product ion spectra of heptanal derivatives of PAD using (A) ESI+ mode and (B) ESI- 

mode 

 

 

 

 

(A) 

 

 

(B) 

 

 



   Chapter III 
  

 

51 
 

 

Fig. 3.10: Product ion spectrum of heptanal derivative of 2,2’-pyridil using ESI+ mode  

 

 

For all of the reagents, the poisitive-ion mode showed better response than the 

negative-ion mode. Yet, the 2,2`-pyridil-heptanal derivative showed no distinct molecular 

ion peak in the negative-ion mode (Fig. 3.11). The PQ-heptanal derivative has the 

simplest and clearest product ion spectra among the tested reagents-heptanal derivatives 

(Figures 3.4-3.10), in addition it afforded the highest sensitivity in the positive-ion mode 

(Figure 3.11).  Hence, PQ was selected as the best derivatizing agent for further 

experiments. 
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Fig. 3.11: Relative peak areas of heptanal derivatives of the studied reagents using ESI+ 

and ESI- modes. 

 

3-3-2. The MS/MS fragmentation pattern of PQ-aldehydes derivatives  

PQ has been used as a fluorogenic reagent for guanidino group in alkaline solution 

108. It has also been used as a complexing agent for the determination of many metals such 

as ruthenium(III), rhodium(III) 109, copper (II) 110,111, iron (III), Ni(II) and Co(II) 111. The 

use of PQ as a mass tagging agent for aliphatic aldehydes has not been previously 

reported, indicating the novelty of the proposed method. The suggested mechanism of the 

reaction of the α,β-diketo reagent PQ with aldehydes in the presence of ammonium 

acetate is shown previously in Fig. 3.1. 

It is noteworthy that, all of the PQ-aldehydes derivatives gave the corresponding 

[M+H]+ as well as two major common product ions with m/z values at 231.9 and 164.8 

(Fig. 3.4) which were assigned to 2-methyl-1H-phenanthro[9,10-d]imidazole and 
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fluorene moieties, respectively, produced by the cleavage of the PQ-aldehyde derivative 

during the CID (Fig. 3.12). Although the product ion of m/z 164.8 has a higher response 

(1.3 times) than that of m/z 231.9, the later has better S/N. So, the MRM acquisitions were 

performed at the product ion with m/z value of 231.9. 

 

 

Fig. 3.12: The MS/MS fragmentation pattern of the formed product from the reaction of 

target aldehydes and PQ. 
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3-3-3. PQ selectivity for aldehydes 

In order to monitor the selectivity of PQ for aldehydes in the presence of their 

isomers (ketones), we conducted the same reaction using acetone as a representative 

ketone. Then, we compared the obtained total ions spectrum of propanal (Fig. 3.13 A) 

and that of its ketone isomer (acetone) (Fig. 3.13 B). As illustrated in Fig. 3.13 A, in 

addition to the reagent peak at about m/z 209, a distinct precursor ion of PQ-propanal 

derivative is shown at m/z 247, while in Fig. 3.13 B, only the reagent peak appeared with 

no any precursor ion corresponding to acetone derivative of PQ. This finding conformed 

with the results obtained by our group which assured the selectivity of α,β-diketo 

compound to aldehydes in presence of acetone and 2-hydroxyacetophenone 65. Also, 

carboxylic acid didn't interfere also. Acetic acid is used as a catalyst for this type of 

reaction and conducting the reaction in the presence of it without any aldehyde did not 

produce any products. In Fig. 3.13 B where the reaction occur in presence of acetone 

(non-reactive substance toward our reaction as mentioned previously) and acetic acid (as 

a catalyst) we couldn't detect a precursor ion at 233 (if the carbonyl and hydroxyl group 

converted to diamine) or 249 (if only the carbonyl group reacted as in case of aldehydes). 

This confirmed the selectivity of PQ for aldehydes in presence of ketones and carboxylic 

acids, which is a very attractive advantage since most of the reported derivatizing reagents 

for aldehydes lack the selectivity 64,84–96,98,99,104. 
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Fig. 3.13: Total ion spectra of (A) propanal derivative resulted from the reaction of 

propanal with PQ and ammonium acetate in presence of acetic acid and (B) reaction 

mixture of acetone with PQ and ammonium acetate in presence of acetic acid using ESI+. 

A 

 

B 
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3-3-4. Optimization of the derivatization conditions 

Different derivatization conditions were investigated in order to obtain the highest 

derivatization efficiency. First, the effect of PQ concentration on the relative peak areas 

was studied using concentrations ranged from 1.0 to 12.0 mM. Constant response was 

obtained using 4.0 mM PQ, and further increase of the reagent concentration over this 

concentration did not affect the relative peak areas (Fig. 3.14). Further, the influence of 

the solvent used for preparation of PQ was evaluated using methanol and acetonitrile. 

Higher signal was obtained using acetonitrile as a solvent, so 4 mM PQ solution in 

acetonitrile was used in further experiments. 

 

Fig. 3.14: Effect of PQ concentration on the relative peak area of the studied aldehydes 

derivatives (50.0 nM) 

The effect of the concentration of ammonium acetate was also investigated from 

0.1 to 4.0 M. The highest relative peak areas were obtained using 1.5 M ammonium 

acetate then a plateau was reached up to 4.0 M where a slight decrease in the response 

was observed (Fig. 3.15). Therefore, in this study 2.0 M of ammonium acetate was 

selected as the best concentration. 
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Fig. 3.15: Effect of ammonium acetate concentration on the relative peak area of the 

studied aldehydes derivatives (50.0 nM) 

The reaction temperature was also studied from 40 to 110 °C, and the best 

response was obtained at 100 °C (Fig. 3.16). Additionally, the derivatization time was 

investigated from 5 to 60 min. Increasing the reaction time produced a corresponding 

increase in the analytical response up to 30 min, after which no further increase was 

obtained indicating that the reaction is completed (Fig. 3.17). Hence, the reaction was 

conducted at 100 °C for 30 min. 

 

Fig. 3.16: Effect of reaction temperature on the relative peak area of the studied aldehydes 

derivatives (50.0 nM) 
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Fig. 3.17: Effect of reaction time on the relative peak area of the studied aldehydes 

derivatives (50.0 nM) 

 

3-3-5. Optimization of HPLC separation and MS/MS monitoring 

The LC/ESI-MS/MS operational conditions were optimized. 3-Phenylpropanal 

was selected as the IS since its chromatographic behavior (tR = 7.3 min for IS and 6.3-9.2 

min for the eight aldehydes) and extraction efficiency (102% for IS and 92.6-110.8% for 

the eight aldehydes) are similar to and perfectly matched with the studied aldehydes. 

Additionally, 3-phenylpropanal is a non-physiological aldehyde with derivatization 

reactivity approximate to our target analytes. As well, 3-phenylpropanal has the same 

fragmentation pattern and product ion (m/z 231.9) like the studied aldehydes. Full scan 

product ion spectrum of the PQ-IS derivative is shown in Fig. 3.18. The mass parameters 

including the cone and collision voltages were optimized to obtain the maximum response 

for the eight analytes. Table 3.1 illustrates the optimum parameters selected for each 

analyte and IS7 

C3 
C4 
 

C5 
 

C6 
 

C7 
 

C8 
 

C9 

C10 

R
e
la

ti
v
e
 p

e
a

k
 a

re
a

 



   Chapter III 
  

 

59 
 

 

Fig. 3.18: Product ion spectrum of PQ-IS derivative 

Besides, the mobile phase was optimized carefully to attain the best 

chromatographic behavior. In initial experiments, a mobile phase composed of 0.1% 

formic acid in methanol: 0.1% formic acid in water (8:2, v/v) was isocratically eluted with 

a 3C18 column (100 mm x 4.6 mm i.d. 3µm particle size). Under these conditions, the 

separation of the eight analytes was not possible and there was a strong distortion of the 

peak shape for the eight aldehydes. Using the same mobile phase with a 5C18 column (250 

mm x 4.6 mm i.d., 5µm particle size) improved the peak shape for C3-C8 aldehydes to 

some extent, while no separation could be achieved between C3-C7 aldehydes. 

 Isocratic elution with a mobile phase consisted of methanol: ammonium formate 

buffer (20 mM, pH 4.0) (9:1, v/v) and a 3C18 column (100 mm x 4.6 mm i.d., 3µm particle 

size) produced a substantial enhancement of the peak shape, yet, propanal and butanal 

were not efficiently separated. As well, the run time was long (22 min). Consequently, 
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we decided to investigate gradient elution with methanol as solvent A and ammonium 

formate buffer (20 mM, pH 4.0) as solvent B.  The initial concentration of solvent A was 

studied from 60 to 90% and its final concentration was similarly studied from 90 to 100%. 

The gradient time was also studied from 1 to 5 min. Finally, based on resolution, 

sensitivity, and run time, we employed the gradient system described earlier in section 

“3-2-2.” for separation of the eight aldehydes. After method optimization, the target 

aldehydes were separated within 10 min (propanal was eluted at tR = 6.3 min, butanal at 

tR = 6.7 min, penatanl at tR = 7.0 min, hexanal at tR = 7.5min, heptanal at tR = 7.8 min, 

octanal at tR = 8.3 min, nonanal at tR = 8.7 min, decanal at tR = 9.2 min, and the IS at 7.3 

min). 

3-3-6. Validation study 

Validation of the developed LC/ESI-MS/MS method was established following 

Guidance for Industry on Bioanalytical Method Validation 66. Calibration functions were 

fitted by a linear model:  

Y = b + mX  

Where: Y = relative peak area, X = aldehyde concentration spiked to serum in nM, 

m = slope of the regression line, and b = intercept of the regression line. 

 Excellent correlation coefficients (˃ 0.999) were obtained for the eight studied 

aldehydes (Table 3.3). The LOQ was also calculated for the target aldehydes and found 

to be ranged from 0.01 to 0.25 nM with accuracy ranged from -6.0 to 9.4% and precision 

≤17.3%. In addition, the LOD was determined for the studied aldehydes and found to be 

within the range of 0.004-0.1 nM (Table 3.3). Such results indicated the linearity, high 



   Chapter III 
  

 

61 
 

sensitivity, and applicability of the method for quantification of trace levels of aldehydes 

in biological fluids. 

Table 3.3 Collective regression data, LOD, LOQ, accuracy and precision at LOQ for the 

studied aldehydes in serum 

Compound 

LODa, nM 

(fmol/inje-

ction) 

LOQb

 (nM) 

Accuracy  

at LOQ 

(%) 

Precision 

at LOQ 

(% RSD) 

Range 

(nM) 

Regression  

equations c, n = 3 
r d 

Propanal 0.100 (2.0) 0.25 6.2 12.5 0.25-200 Y= 0.0017+0.0010X 0.9997 

Butanal 0.050 (1.0) 0.10 9.4 17.3 0.1-200 Y= 0.0125+0.0044X 0.9995 

Pentanal 0.013 (0.26) 0.05 -5.5 11.4 0.05-100 Y= 0.0590+0.0110X 0.9991 

Hexanal 0.027 (0.54) 0.05 7.3 8.6 0.05-100 Y= 0.0869+0.0100X 0.9991 

Heptanal 0.010(0.20) 0.05 -2.2 9.9 0.05-100 Y= 0.0120+0.0112X 0.9997 

Octanal 0.012 (0.24) 0.05 -4.9 6.9 0.05-100 Y= 0.0193+0.0143X 0.9991 

Nonanal 0.018 (0.36) 0.05 1.7 16.3 0.05-100 Y=0.0268+0.0151X 0.9991 

Decanal 0.004 (0.08) 0.01 -6.0 12.7 0.01-50.0 Y= 0.0108+0.0254X 0.9993 

a S/N= 3. 

b S/N≥ 5. 

c Y= relative peak area (IS: 100 nM 3-phenylpropanal), X= aldehyde concentration (nM). 

d Correlation coefficient. 

Results for the study of accuracy, stated as the deviation of the mean values from 

the true values, and precision (% RSD) are illustrated in Table 3.4. As can be seen, the 

proposed method exhibited acceptable accuracy (-13.8 to 9.0%) and satisfactory precision 

(% RSD ranged from 0.1 to 11.7% in case of intra-day precision and from 1.4 to 13.4% 

for inter-day precision). 

The recovery of the target aldehydes was estimated by comparing the response of 

extracted serum and un-extracted standard (denotes 100% recovery) at three 

concentrations (0.5, 5.0, and 50.0 nM). The recoveries were found to be ranged from 92.6 

to 110.8% (Table 3.5). 

http://www.sciencedirect.com/science/article/pii/S0021967313004986#tblfn0015
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The stability of the aldehydes and IS solutions was evidenced at room temperature 

up to 6 h, and at 4 °C up to 1 week. No significant variation was observed in both cases 

in respect to the response of fresh solutions. Additionally, the PQ solution showed high 

stability at 4 °C up to 2 months. The stability of the derivatized aldehydes kept in sealed 

vials at 4 °C was demonstrated for 48 h which guarantees the stability of the processed 

samples during the resident time in the auto sampler. 

The results of validation study agreed well with the requirements of the Guidance 

for Industry on Bioanalytical Method Validation 66 proving the suitability of the proposed 

method to screen the studied aldehydes in human serum. 

Table 3.4 Accuracy and precision of the proposed method for the determination of the 

studied aliphatic aldehydes in spiked serum samples.  

Aldehydes 

Spiked 

Conc. 

(nM) 

Intra-day (n = 5) Inter-day (n = 5) 

Found 

conc. 

(nM) 

Accuracy  

(%) 

Precision 

(% RSD) 

Found 

conc. 

(nM) 

Accuracy  

(%) 

Precision 

(% RSD) 

Propanal 0.5 0.488 -2.4 7.2 0.521 4.2 10.5 

5 4.74 -5.2 6.0 5.01 0.2 3.2 

50 50.3 0.6 2.2 51.0 2.0 5.1 

Butanal 0.5 0.488 -2.4 6.8 0.542 8.4 11.3 

5 4.94 -1.2 5.2 5.05 1.0 2.7 
50 50.2 0.4 1.9 50.7 1.4 4.2 

Pentanal 0.5 0.431 -13.8 11.7 0.536 7.2 7.3 

5 5.05 1.0 7.1 5.00 0.0 1.9 

50 54.5 9.0 2.1 52.9 5.8 5.4 

Hexanal 0.5 0.479 -4.2 7.7 0.532 6.4 6.9 

5 4.35 -13.0 10.6 4.94 -1.2 7.8 

50 50.5 1.0 0.5 50.1 0.2 1.7 

Heptanal 0.5 0.505 1.0 5.2 0.507 1.4 10 

5 5.04 0.8 1.8 5.08 1.6 1.4 

50 49 -2.0 0.3 49.4 -1.2 1.9 

Octanal 0.5 0.524 4.8 4.8 0.527 5.4 6.5 
5 5.07 1.4 3.4 5.22 4.4 1.7 

50 48.9 -2.2 0.6 52.4 4.8 8.2 

Nonanal 0.5 0.496 -0.8 4.3 0.489 -2.2 13.4 

5 5.18 3.6 7.5 5.06 1.2 2.7 

50 49.7 -0.6 0.8 50.4 0.8 10.7 

Decanal 0.5 0.544 8.8 9.4 0.497 -0.6 13.2 

5 4.99 -0.2 2.0 4.98 -0.4 4.1 

50 50.2 0.4 0.1 54.5 9.0 11.1 
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Table 3.5 Results of recovery study of the target of aliphatic aldehydes from spiked serum 

samples after salting out LLE. 

Aldehyde 

Spiked 

Conc. 

(nM) 

% Recovery SD Aldehyde 

Spiked  

Conc.  

(nM) 

% Recovery SD 

Propanal 0.5 97.2 14.5 Heptanal 0.5 96.6 5.8 

5 103.8 3.0 5 98.8 2.1 

50 110.8 2.0 50 96.6 2.7 

Butanal 0.5 99.8 4.3 Octanal 0.5 98.6 8.8 

5 102.4 5.5 5 100.0 3.0 

50 103.8 2.9 50 99.2 1.6 

Pentanal 0.5 106.2 4.5 Nonanal 0.5 96.8 3.3 

5 102.2 11.5 5 92.6 2.5 

50 98.2 3.0 50 95.8 0.7 

Hexanal 0.5 96.8 6.2 Decanal 0.5 98.0 7.6 

5 104.6 6.9 5 99.2 3.2 

50 100.8 1.4 50 100.8 0.3 

3-3-7. Application of the proposed LC/ESI-MS/MS method to determination of the 

target aldehydes in human serum 

For application of the developed LC/ESI-MS/MS method to the quantitation of 

the target aliphatic aldehydes (propanal, butanal, pentanal, hexanal, heptanal, octanal, 

nonanal, and decanal) in human serum, a key factor to be considered is the choice and 

optimization of an efficient extraction procedure. In the course of this study, different 

extraction techniques were investigated including protein precipitation (PPT) with 

methanol, sub-zero temperature LLE with acetonitrile, and salting out LLE using 
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acetonitrile/NaCl. The best recoveries for the eight analytes (≥ 92.6%) with accurate and 

reproducible results were attained using the salting out LLE method (Figure 3.19). 

 

Figure 3.19: Recovery of the studied aldehydes from serum after PPT with methanol 

(10 or 20 folds dilution of serum), subzero-temperature LLE and salting out LLE. 

 

Hence, the levels of the target aldehydes (C3-C10) were determined in the serum 

of 14 healthy volunteers using the developed method (Table 3.6). The eight target 

aldehydes were detected and quantified in all serum samples. Figure 3.20 shows a MRM 

chromatogram of the aldehydes detected in serum of a healthy volunteer. The levels of 

the aldehydes found in the serum using the proposed method are in accordance with those 

reported in the literature (Table 3.6). 65,94,95 
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Table 3.6 Levels of the target aliphatic aldehydes in healthy human serum 

Aldehydes  Range, nM a Mean ±SD , nM a Previously reported 

level, nM 65,94,95 

Ref 

Propanal 7.2-68.8 26.2±4.6 34.0 94 

Butanal 21.7-40.0 27.7±1.4 35.0 94 

Pentanal 41.2-88.4 60.7±3.5 37.0 94 

Hexanal 1.8-21.7 11.0±1.6 1.8 - 15.2 65,95 

Heptanal 0.1-11.6 3.5±0.9 1.1 - 15.2 65,95 

Octanal 0.1-11.9 2.6±0.9 1.7> 65,94 

Nonanal 0.2-73.6 27.2±6.7 1.0≥ - 25.0 65,94 

Decanal 0.1-2.1 1.1±0.2 0.8≥ - 1.5 65 

a n=14, 10 Males + 4 Females, age = 38.4 ± 13.1 years. 

 

 

Fig. 3.20: Representative chromatograms of the target aliphatic aldehydes and IS in 

serum after derivatization with PQ where (A) propanal, (B) butanal, (C) pentanal,  

(D) hexanal, (E) heptanal, (F) octanal, (G) nonanal, (H) decanal, and (I) IS (100 nM) 

(A) 

 

 

(B) 
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3-3-8. Comparison of the developed method and reported methods for aldehydes 

determination in biological fluids 

For evaluation of the newly developed LC/ESI-MS/MS method, we compared it 

with the methods found in the literature for determination of aldehydes in biological fluids 

(Table 3.7). Our method has much lower LODs than the reported methods47,64,65,68,89–91,94–

96,99,102,103 yielding high sensitivity of about 19 to 1000 folds. This high sensitivity made 

the proposed method well-suited for trace quantification of aldehydes in biological fluids 

at low picomolar concentration levels (4.0 to 100 pM) . 

Additionally, the novel derivatizing agent PQ allows highly selective MS/MS 

detection of the aldehydes without any interference from other carbonyl compounds. This 

advantage overcame the problem of selectivity associated with the use of hydrazine-based 

derivatizing reagents 64,89–91,95,96. As well, the derivatization reaction is rapid and simple 

one-pot reaction giving a stable water-soluble reaction product does not require either 

extraction or evaporation/reconstitution steps prior analysis with LC/ESI-MS/MS. 

Additional advantages associated with the use of PQ reagent are its commercial 

availability and stability. Furthermore, the product ion spectra of PQ derivatives of 

aldehydes were clear and simple. 

In spite that our main target matrix is human serum, it is worth noting that the 

developed method exhibited superior sensitivity to most of the reported methods for 

determination of aldehydes in environmental samples like air and water 85–88,92,98. 

Although our method has a comparable sensitivity to the LC-MS/MS method of Sun et 

al., 104 our method is better than this one regarding rapidness, selectivity and commercial 

availability of the derivatizing agent.  
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Table 3.7 Comparison of the proposed and reported methods for determination of 

aldehydes in biological fluids 

 

Analyte/matrix 

Derivatization 

conditions  

Analytical 

method 

LOD, 

nM 

 

% Recovery 

 

Ref. 
Reagent 

Temp 

°C/ time 

(min) 

C6,C7/human blood DNPH 40/20 HPLC-UV 0.79-0.8 75.2-101.1 89 

C6,C7/human blood DNPH 40/10 HPLC-UV 7.9-2.34 67.84-70.28 90 

C6,C7/human plasma DNPH N/Aa HPLC-UV 2.4-3.6 83-87 91 

C1-C12/human serum BODIPY-

aminozide 

60/30 HPLC-FL 0.43-0.69 95-105 94 

C6,C7,C9, 

malondialdehyde, α,β-

unsaturated 

aldehydes/exhaled 

breath condensate 

DNPH RT/60 LC/APCI-

MS/MS 

1 (for 

C6,C7,C9) 

N/Aa 64 

C6,C7/human blood DNPH N/Aa LC/APCI-

MS/MS 

0.076-

0.17 

94-110 95 

aldehydes and 

ketones/mice plasma 

DNSH RT/240 LC/ESI-

MS/MS 

0.2-4 70.3-111.8 96 

C6,C7, acetone/human 

serum 

PFBHA 40/8 GC/MS 0.24-0.32 88-92 99 

C6-C10/human serum 2,2ˋ-Furil 100/30 HPLC-FL 0.25-0.5 88-105 65 

C5-C10, 

malondialdehyde, trans-

2-pentanal/human urine 

4-ACP 10/180 LC-

MS/MS 

3.0 N/Aa 68 

C6-C10, alkenals, 

hydroxyalkenals/human 

plasma 

CHD 60/60 LC-

MS/MS 

(10-100 

Pg) 

N/Aa 102 

C3-C10/human serum PQ 100/30 LC-

MS/MS 

0.004-0.1 

(0.01-0.1 

pg) 

92.6-110.8 Proposed 

method 

a N/A: Not available 
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3-4. Conclusions 

We optimized and validated an ultra-sensitive, selective, and rapid LC/ESI-

MS/MS method for the monitoring of aliphatic aldehydes (C3-C10) as lipid peroxidation 

biomarkers in human serum. It has been shown that aldehydes are readily derivatized with 

PQ forming imidazole derivatives that can be easily determined by ESI-MS/MS in the 

positive ionization mode with LOD values within the range of 4 to 100 pM. Aldehyde 

derivatization followed by LC/ESI-MS/MS yielded higher sensitivity and selectivity than 

existing HPLC-FL or UV detection methods. As well, our newly developed LC/ESI-

MS/MS method is superior to other LC-MS/MS methods for aldehyde quantification with 

regard to sensitivity, selectivity and rapidness. Thus, the developed method proved to be 

ideal for analyzing aldehydes in human serum. Based on the obtained results, we believe 

that our newly developed mass-tagging reagent PQ is very useful and superior to other 

available reagents for establishing the level of low and medium chain aliphatic aldehydes 

(C3-C10) in biological fluids. 
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4-1. Introduction 

 HNE is the foremost 4-hydroxy-2-alkenals end-product, produced by 

decomposition of ω-6 PUFAs 10, while HHE is a main 4-hydroxy-2-alkenal resulted from 

the oxidative damage to ω-3 PUFAs , e.g. docosahexaenoic acid and eicosapentaenoic 

acid 46. Both of HNE and HHE are very reactive compounds since they contain three 

functional groups (Fig. 4.1): (i) C2=C3 double bond which can react via Michael additions 

with biomolecules containing nucleophilic moieties such as thiols, primary and secondary 

amines or undergo reduction or epoxidation, (ii) C1 carbonyl group which can give 

acetal/thioacetal or can undergo Schiff-base formation, oxidation, or reduction, and (iii) 

4-hydroxyl group which can be oxidized to a ketone 46,112. 

 

 

 

 

Fig. 4.1: Structures of HNE and HHE. 

A May, 2016 PubMed search for “4-hydroxynonenal or 4-hydroxy-2-nonenal” 

retrieved 4153 articles, while a search for “4-hydroxyhexenal or 4-hydroxy-2-hexenal” 

identified 132 articles only. Though it is not well studied like HNE, HHE is biologically 

important in systems rich in ω-3 PUFAs such as the central nervous system and retina. 

Both of HHE and HNE have common properties but there are important differences  

between them, particularly with respect to adduction targets and detoxification routes 46. 

The in vivo experiments using 3H-HHE revealed that it bounds hepatic proteins 

but not DNA or RNA 113. Despite that, HHE, like HNE, is genotoxic, but the mechanism 

of its genotoxicity is not yet clear 114,115. Additionally, the levels of HHE-
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phosphatidylethanolamine adducts were 2 folds greater than those of HNE-

phosphatidylethanolamine adducts in retina isolated from diabetic rats 116.  As well, the 

experiments revealed that HHE and HNE have different protein targets in the primary 

cerebral cortical neurons due to the difference in their lipophilicity 117. 

HHE was found to be 20-30 folds more reactive towards glutathione metabolism 

than HNE in the lipid-rich brain tissue 118,119 due to the higher lipophilicity of HNE 

allowing it to diffuse into the lipophilic microenvironment with less capacity to interact 

with glutathione than HHE 46. As well, the enzyme aldehyde dehydrogenase 5A utilized 

HNE more than HHE 117 since the carbon tail of HNE is necessary for positioning at the 

enzyme active site 120.  

As we discussed in Chapter II, some analytical methods are reported for the 

determination of HNE in different matrices 11,60–63. As well, some methods were also 

developed for the simultaneous quantification of HHE and HNE. Two GC/MS methods 

were applied for the simultaneous determination of HHE and HNE either alone or among 

other aldehydes after derivatization with PFBHA in copper-oxidized human LDL 121 and 

in the liver of mice intraperitoneally injected with bromobenzene 122. Also, a HPLC-UV 

123 and a LC-MS/MS 124 methods were used for determination of HHE and HNE in oil 

samples following derivatization with DNPH. Additionally, HHE and HNE were 

determined with other aldehydes in biological fluids by LC-MS/MS after derivatization 

with DNPH 64, CHD 102 or DNSH 96.  These methods suffered from some drawbacks such 

as the need for unavailable deuterated ISs which necessitates time consuming and tedious 

synthesis procedure 121, and long derivatization time 64,96,102,122–124. As well, derivatization 

with DNPH 63,64,123,124 and DNSH 96 envolves many shortcomings such as poor selectivity, 

likely interferences from ketones and carboxylic acids and the fomation of two 
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stereoisomeric hydrazone derivatives. In addition, DNPH is a flammable, unstable and 

irritant reagent 65.       

The development of a valid analytical method for determination of these two 

highly reactive 4-hydroxy-2-alkenals in biological samples is very important in order to 

evaluate their role in different diseases onset and progression. To the best of our 

knowledge, the scientific literature lacks a reliable and rapid analytical method with high 

sensitivity enough to allow simultaneous determination of HHE and HNE in human 

serum under normal and pathological conditions. This fact encouraged us to develop and 

validate a highly sensitive isotope-coded derivatization (ICD) LC/ESI-MS/MS method 

for the simultaneous determination of HHE and HNE in human serum.  

LC/ESI-MS/MS is a powerful method that enables rapid analysis with outstanding 

sensitivity. Yet, matrix effects caused by co-existing substances often occur while 

analyzing metabolites by LC–MS/MS. In addition, the ion abundance may differ from 

run to run, even for the same analyte, due to instrumental drift or technical troubles. As a 

result, IS is required to keep accuracy of the quantification. A stable isotope-labeled 

analogue of the analyte is appropriate for this purpose. However, the number of 

commercially available isotope-labeled analogues is restricted and their synthesis in the 

laboratory is a laborious and expensive process. Hence, ICD has been recently introduced 

to overcome this problem. For ICD, a stable isotope moiety is introduced to the analyte 

and the formed derivative can be used instead of isotope-labeled analogue of the analyte 

105. In ICD, the sample is derivatized with a light reagent (1H, 12C or 14N-coded reagent), 

while the standard is derivatized with a heavy reagent (2H, 13C or 15N coded reagent). 

Then, the two derivatives are combined and submitted to LC -MS/MS. The two isotopes 
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are eluted at the same retention time in the same run and their ionization is estimated to 

be the same 105. 

In Chapter III, saturated aliphatic aldehydes (C3-C10) were derivatized with 

PQ/ammonium acetate and determined by LC/ESI-MS/MS. In this work, we extend this 

reaction to develop a convenient and practical ICD LC/ESI-MS/MS for determination of 

HHE and HNE simultaneously in human serum using 14N/15N-ammonium acetate as ICD 

reagent (Fig.4.2). The use of 14N/15N-ammonium acetate is very advantageous from 

commercial availability and cost-effectiveness point of view. In addition, it will avoid the 

chromatographic isotopic effect that emerges upon using hydrogen/deuterium isotope 

pairs 125. Another aim of this work is to apply the developed method for monitoring and 

comparing the levels of HHE and HNE in serum of healthy controls and human subjects 

with different diseased conditions including diabetes mellitus, rheumatoid arthritis and 

cardiac disorders. 

Fig. 4.2: Reaction pathway of the target aldehydes with PQ and 14N/15N ammonium 

acetate  
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4-2. Experimental 

4-2-1. Materials and reagents 

15N ammonium acetate was obtained from Sigma Aldrich. HHE (1%, w/v) and 

HNE (1%, w/v) were obtained from Cayman Chemical Co All other chemicals were as 

described in Chapter III under section “3-2-1.” 

Stock solutions of HHE and HNE (200.0 µM) were separately prepared in 

acetonitrile. A mixed aldehydes standard solution containing 4.0 µM of each aldehyde 

was prepared daily in acetonitrile. Dilution of this solution was made as needed to obtain 

the required concentration levels. In addition, a mixed standard solution (4.0 µM HHE + 

0.8 µM HNE) was prepared in water. All aldehydes solutions were stored at -80 °C. PQ 

solution (22.0 mM) was prepared in acetonitrile. Solutions of 14N and 15N ammonium 

acetate (3.0 M) were prepared in glacial acetic acid. Reagents solutions were stored at  

4 °C. 

4-2-2. Instrumentation and LC/ESI-MS/MS conditions  

Specifications of the LC/ESI-MS/MS system were the same as described in 

Chapter III under section “3-2-2.”. A Cosmosil 3C18-AR-II (100 mm × 4.6 mm i.d., 3µm 

particle size) was operated at 25 °C and gradient elution was employed using mobile 

phase (A): methanol and mobile phase (B): ammonium formate buffer (20 mM, pH 4.0). 

For the first 30 S, the amount of mobile phase (A) was linearly increased from 95 to 

100%, from 0.5 to 7 min the amount of mobile phase (A) was kept at 100%. The initial 

composition of the mobile phase was re-established for 5 min before starting a new run. 

The flow rate was 0.5 mL/min. 
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ESI+-MS/MS data acquisition was done at a capillary voltage of 5.0 kV, source 

temperature of 120 °C, desolvation gas temperature of 350 °C and flow rate of 500 L/h, 

and cone gas flow rate of 40 L/h.  MRM mode was used for detection of the formed 

derivatives by CID. A summary of the cone voltage, collision voltage, precursor ions and 

product ions for the studied analytes is illustrated in Table 4.1.  

Table 4.1 Optimum MS/MS conditions for the analysis of PQ derivatives of the studied 

aldehydes 

Aldehyde Cone 

voltage (V) 

Collision 

voltage (V) 

Precursor 

ion 

Product ion 

HHE-PQ-14N 40 25 303.2 231.3 

HHE-PQ-15N 40 30 305.2 233.3 

HNE-PQ-14N 40 30 345.2 231.3 

HNE-PQ-15N 40 35 347.2 233.3 

 

4-2-3. Clinical samples 

All experiments conducted with human subjects were approved by the Ethics 

Committee of the School of Pharmaceutical Sciences, Nagasaki University. Sasebo Chuo 

Hospital kindly supplied us with 34 human serum samples including 16 healthy control 

(9 males and 7 females; mean age 39.3±12.3), 8 rheumatic patients (one male and 7 

females; mean age 67.5±8.8), 5 diabetic patients (2 males and 3 females; mean age 

52.6±16.2) and 5 cardiac disorder patients (2 males and 3 females; mean age 77.0±6.5). 

All serum samples were kept at -80 °C until analyzed.  
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4-2-4. Derivatization procedure for elucidation of product ion spectra 

Aliquots of 150 µL of aldehydes standard solutions were mixed with 50 µL of 

22.0 mM PQ and 100 µL of 3.0 M 14N/15N ammonium acetate in a screw capped vial. 

The mixture was heated at 90 °C for 15 min then cooled and filtered with 0.45 µm 

cellulose acetate membrane filter. The solutions were injected to ESI-MS/MS system via 

syringe pump to elucidate product ion spectra. 

4-2-5. Assessment of ICD technique for relative quantification  

The suitability of the developed ICD method for relative quantification was 

evaluated according to Dai et al. 126 by applying the following methods: (i) specific 

concentrations of analytes (0.25, 0.5 and 1.0 µM) were individually labeled with PQ-14N 

ammonium acetate (light labeling) and analytes with concentration of 0.5 µM were 

labeled with PQ-15N ammonium acetate (heavy labeling). The aldehyde-PQ-14N and 

aldehyde-PQ-15N derivatives were mixed in equal volumes. Mixtures containing 

aldehyde-PQ-14N/aldehyde-PQ-15N derivatives in the ratios of 1:2, 1:1 and 2:1 were 

analyzed by LC/ESI-MS/MS to study the signal intensity of aldehyde-PQ-14N and 

aldehyde-PQ-15N derivatives. (ii) Aldehydes standards were individually labeled with 

PQ-14N ammonium acetate and PQ-15N ammonium acetate. Then, the aldehyde-PQ-14N 

and aldehyde-PQ-15N were mixed in different ratios (1:10, 1:5, 1:2, 1:1, 2:1, 5:1 and 10:1) 

and analyzed by LC/ESI-MS/MS.  

4-2-6. Serum samples treatment and ICD protocol 

A salting out LLE procedure was used for extraction of HHE and HNE from serum 

samples. Aliquots of 200 µL of serum samples were mixed with 400 µL acetonitrile and 

0.15 g NaCl then centrifuged at 7500×g for 10 min. A volume of 150 µL of the 

supernatant was subjected to the derivatization procedure mentioned in section”4-2-4” 
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using light labeling by PQ and 14N ammonium acetate (Solution A). Aqueous aldehydes 

mixed standard solution (4.0 µM HHE + 0.8 µM HNE) was similarly extracted by salting 

out LLE followed by derivatization using heavy labeling with PQ and 15N ammonium 

acetate (solution B). The two solutions were cooled and filtered with 0.45 µm cellulose 

acetate membrane filter. Solutions A and B were mixed in 3:1 ratio, respectively and 

analyzed by the LC/ESI-MS/MS (Fig. 4.3). 

 

Fig. 4.3: Scheme of the quantification procedure based on ICD. 

4-2-7. Validation procedure 

For validation of the developed method, we followed the Guidance for Industry 

on Bioanalytical Method Validation 66. Calibration curves were conducted for HHE and 

HNE using serum samples spiked at six concentration levels, including the LOQ, for each 

aldehyde. Then the spiked serum samples were treated as mentioned in section”4-2-6”. 

The average relative peak areas were plotted versus concentrations (nM). The LOQ was 

calculated as the lowest concentration in the calibration curve that was determined with 
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accuracy of 80-120% and precision (% RSD) of ≤20%. The LOD was also calculated at  

S/N = 3. 

Accuracy and precision of the method were also examined by analysis of serum 

samples spiked with the studied analytes at three concentration levels for five 

determinations per each concentration. The accuracy was calculated as the variation of 

the mean calculated value from the true value. As well, the intra-day precision was 

determined as the % RSD for five determinations, at each concentration, in the same day. 

The inter-day precision was also determined as the % RSD for five determinations, at 

each concentration, on five consecutive days. 

The stability of aldehydes solutions was also studied at -80°C up to 2 months and 

at room temperature up to 6 h. In addition, the stability of PQ and 14N/15N ammonium 

acetate solutions was examined over 2 months. We also checked the stability of the 

derivatized aldehydes at 4°C for 48 h which is the conditions of the auto sampler. The 

response in every condition was compared to that of freshly prepared solution. 

4-2-8. Statistical analysis 

The data are presented as mean ± SE for the number of experiments. In order to 

compare the levels of HHE and HNE in the four studied groups (healthy subjects, diabetic, 

rheumatic, and cardiac disorders patients), Kobayashi decision tree 67 was employed. 

Bartlett's test was used as a test for the equality of k variances. For HHE, it was found that 

the k sampled populations have unequal variances and Steel's Dwass test for comparing 

all pairs was used 67. For HNE, it was found that the k sampled populations have equal 

variances and Anova test was used to compare mean of different groups. The four groups 

have different means from each other, thus the post hoc Tukey's multiple comparison test 
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was used for comparing all pairs 67. All the statistical tests were two-sided at a significant 

level of α=0.05. 

 

4-3. Results and discussion 

4-3-1. The MS/MS fragmentation of PQ-aldehydes derivatives 

 

The aldehydes were derivatized by PQ-14N/15N ammonium acetate giving 

imidazole derivative (Fig. 4.2). The derivatization reaction was accomplished within 15 

min at 90 °C in the presence of glacial acetic acid.  

The HHE-PQ-14N and HNE-PQ-14N derivatives gave precursor ions [M+H]+ at 

m/z of 303.2 and 345.2, respectively, which provided the same product ion at m/z of 231.3 

by CID. The product ion was assigned for 2-methyl-1H-phenanthro[9,10-d]imidazole 

formed by the cleavage of the C=C double bond of the side chain attached to the imidazole 

ring. The HHE-PQ-15N and HNE-PQ-15N derivatives have a similar fragmentation pattern 

(m/z 305.2  m/z 233.3 and m/z 347.2  m/z 233.3, respectively). Figures 4.4 and 4.5 

illustrate the product ion spectra of the target aldehydes derivatives.  
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Fig. 4.4: Product ion spectra of (A) HHE-PQ-14N and (B) HHE-PQ-15N derivatives 

 

(A) 

(B) 
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Fig. 4.5: Product ion spectra of (A) HNE-PQ-14N and (B) HNE-PQ-15N derivatives 

 

(A) 

(B) 
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4-3-2. Optimization of derivatization conditions 

Derivatization conditions were optimized to attain the highest sensitivities. The 

effect of PQ concentration was investigated over the range of 0.1 to 28 mM. Increasing 

the concentration of PQ resulted in an increase of the signal intensity up to 22.0 mM and 

further increase has insignificant effect on the response (Fig. 4.6). Hence, for the best 

sensitivity, 22.0 mM PQ was chosen as the optimum reagent concentration. 

 

Fig. 4.6: Effect of PQ concentration on the relative peak area of the studied aldehydes 

derivatives (100.0 nM) 

The influence of ammonium acetate concentration on the signal intensity was also 

studied in the range of 0.5-4.0 M. The highest signal intensity was obtained upon using 

3.0 M ammonium acetate and further increase of the concentration beyond this level has 

no effect on the signal intensity (Fig. 4.7).  Thus, 3.0 M was selected as the optimum 

ammonium acetate concentration in further experiments. 
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Fig. 4.7: Effect of ammonium acetate concentration on the relative peak area of the 

studied aldehydes derivatives (100.0 nM) 

The derivatization temperature and time were also tested. The temperature was 

studied from 40 to 110 °C and the highest sensitivity was attained at 90 °C. Further 

increase in the temperature resulted in a slight decrease in the signal (Fig. 4.8).  

 

Fig. 4.8: Effect of reaction temperature on the relative peak area of the studied aldehydes 

derivatives (100.0 nM) 

The derivatization time was examined from 5 to 60 min. The best sensitivity was 

obtained after 15 min, prolonged heating after that caused a slight decrease in the signal 
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in case of HNE-derivative without a significant effect on HHE-derivative (Fig. 4.9). Thus, 

heating for 15 min at 90 °C was selected. 

 

Fig. 4.9: Effect of reaction time on the relative peak area of the studied aldehydes 

derivatives (100.0 nM) 

 

4-3-3. Optimization of HPLC separation and MS/MS monitoring 

The LC/ESI-MS/MS operational conditions were optimized. The mass parameters 

including the cone and collision voltages were optimized to obtain the maximum response 

for the four PQ-aldehyde derivatives. Table 4.1 illustrates the optimum parameters 

selected for each analyte and its isotope IS7 

Moreover, the mobile phase was carefully studied to achieve the best 

chromatographic performance. In preliminary investigations, mobile phases consisted of 

0.1% formic acid in methanol: 0.1% formic acid in water in the ratios of 9:1 and 8:2, v/v 

were tested adopting isocratic elution mode using a 3C18 column (100 mm x 4.6 mm i.d., 

3µm particle size). Yet, the peaks for the target aldehydes were strongly distorted. Hence, 

isocratic elution with a mobile phase consisted of methanol: ammonium formate buffer 
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(20 mM, pH 4.0) (95:5, v/v) was tried with the same column and a significant 

improvement of the peaks shape was observed but it needs a long run time. Accordingly, 

we investigated gradient elution with methanol as solvent A and ammonium formate 

buffer (20 mM, pH 4.0) as solvent B.  The initial concentration of solvent A was varied 

from 70 to 95% and its final concentration was kept in all cases at 100%. The gradient 

time was also studied from 0.5 to 3 min. Finally, for best resolution, sensitivity, and 

shortest run time, the gradient system described under section “4-2-2.” was used for 

separation of HHE and HNE derivatives in less than 5 min (HHE derivatives were eluted 

at tR = 3.36 min and HNE derivatives at tR = 3.98 min). 

4-3-4. Results of the assessment study of ICD technique for relative quantification 

Evaluation of the developed ICD method for relative quantification according to 

Dai et al. 126 showed its practicability. The aldehydes-PQ-14N and aldehydes-PQ-15N 

derivatives were found in the same run at the same retention time (tR = 3.36 min for HHE-

PQ-14N/HHE-PQ-15N pair and tR = 3.98 min for HNE-PQ-14N/HNE-PQ-15N pair) (Fig. 4-

10 A and B). The difference in m/z values is attributed to the replacement of two 14N with 

15N and same concentrations showed nearly the same relative abundance (Fig. 4.10 C and 

D). The ratios of MS signals of aldehyde-PQ-14N/aldehyde-PQ-15N pairs prepared in the 

ratios of (1:2, 1:1, and 2:1) are approximately 0.5 (ranged from 0.5 to 0.51), 1 (ranged 

from 0.97 to 1.05) and 2 (ranged from 2.0-2.07), respectively (Fig. 4.11 A and B). The 

MS signal ratios of the aldehyde-PQ-14N/aldehyde-PQ-15N pairs prepared in the ratios of 

(1:10, 1:5, 1:2, 1:1, 2:1, 5:1 and 10:1) showed excellent linearity (r = 0.9999)  

(Fig. 4-11 C and D) indicating that relative quantification can be accomplished by the 

developed ICD method. 
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Fig. 4.10: Chromatograms of 14N and 15N labeled aldehydes for (A) HHE and (B) HNE; 

mass spectrum of the ion pair of 14N and 15N labeled aldehydes for (C) HHE and  

(D) HNE. 
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Fig. 4.11: MS intensity ratios of 14N and 15N labeled HHE (A) and HNE (B) with the 

amount of 1:2, 1:1, and 2:1; and ion pairs of 14N and 15N labeled HHE (C) and HNE (D) 

in 1:10, 1:5, 1:2, 1:1, 2:1, 5:1 and 10:1 mixed solutions showed a good linear regression. 
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4-3-5. Validation of the method 

The calibration curve was established for each aldehyde and the linearity was 

approved by the values of the correlation coefficient (r ≥ 0.999). The LOQ and LOD were 

also calculated for the two aldehydes. Table 4.2 illustrates the linearity data, LOQ and 

LOD of the studied analytes by the proposed method. The values of LOD (0.05 and 0.01 

nM for HHE and HNE, respectively) indicated the high sensitivity of the proposed 

method and its suitability for determination of the two aldehydes at trace concentration 

levels in human serum. A comparison between the sensitivity of the proposed method and 

the previously reported ones will be discussed later. 

Table 4.2 LOD, LOQ, calibration ranges, regression equations and correlation 

coefficients for the target aldehydes in spiked serum 

Compound 

LODa, nM 

(fmol/inje-

ction) 

LOQb

 (nM) 

Accuracy  

at LOQ 

(%) 

Precision 

at LOQ 

(% RSD) 

Range 

(nM) 

Regression  

equations c, n = 3 
r d 

HHE 0.05 (1.0) 0.2 8.3 4.4 0.2-500 Y=0.0010+ 0.0021X 0.999 

HNE 0.01 (0.2) 0.05 5.0 6.0 0.05-100 Y=-0.0004+0.0100X 0.9996 

a S/N= 3. 

b S/N≥ 5. 

c Y= relative peak area (IS: heavy labeled 500 nM HHE & 100 nM HNE), X= aldehyde concentration (nM). 

d Correlation coefficient. 

Accuracy of the proposed method for the determination of HHE and HNE in 

human serum was expressed as % variation of the mean from the exact value and it was 

found within the range of -5.4 to +5% (Table 4.3). The % RSD for the intra-day precision 

of the proposed method ranged from 0.7 to 6.3 and that for the inter-day precision ranged 

from 1.7 to 8.1 (Table 4.3).  These values indicated the accuracy and precision of the 

proposed method.    

http://www.sciencedirect.com/science/article/pii/S0021967313004986#tblfn0015
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Table 4.3 Accuracy and precision of the proposed method for the determination of the 

target aldehydes in spiked serum 

Aldehyde 

Spiked 

amount 

(nM) 

Intra-day (n = 5) Inter-day (n = 5) 

Found 

amount 

(nM) 

Accuracy  

(%) 

Precision 

(% RSD) 

Found 

amount 

(nM) 

Accuracy  

(%) 

Precision 

(% RSD) 

HHE 1.0 1.04 4.0 6.3 1.04 4.0 5.9 

50.0 49.7 -0.6 3.4 50.4 0.8 1.7 

500.0 501.5 0.3 2.5 492.7 -1.5 2.4 

HNE 0.20 0.20 0.0 2.9 0.20 0.0 3.6 

10.0 10.5 5.0 4.1 9.46 -5.4 8.1 

100.0 100.5 0.5 0.7 95.8 -4.2 4.3 



The aldehydes standard solutions were found to be stable at -80 °C over the 

estimated time period of 2 months and stable at room temperature up to 6 h. The reagents 

solutions (PQ and 14N/15N ammonium acetate) were also stable up to 2 months at 4 °C. 

Additionally, the derivatized aldehydes were found to be stable at 4 °C for 48 h indicating 

their stability while residing in the auto sampler. 

The results of the validation study confirmed the agreement of the method with 

the Guidance for Industry on Bioanalytical Method Validation 66. 

 

4-3-6. Selection and optimization of the extraction procedure and recovery study   

Different extraction methods were studied to select the most efficient method for 

extraction of HHE and HNE from serum samples. First, PPT method was attempted using 

either methanol or acetonitrile. Additionally, subzero-temperature LLE with acetonitrile 

and LLE using methanol:chloroform mixture (2:1, v/v) were tested. Also, salting out LLE 

method using acetonitrile was attempted. SPE was also studied using Oasis hydrophilic-

lipophilic balance (HLB, 1 CC/30 mg) cartridge preconditioned with 500 µL methanol 
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and equilibrated with 500 µL water, followed by loading of 200 µL of aldehydes solution 

and elution with 400 µL methanol.  The best % recoveries for the two aldehydes were 

obtained using salting out LLE method using acetonitrile (Fig. 4.12). 

 

 

Fig. 4.12: Recovery of the studied aldehydes from serum after PPT with methanol 

(MeOH) or acetonitrile (ACN), salting out LLE, subzero-temperature LLE, LLE with 

chloroform/MeOH mixture and SPE with HLB cartridge 

 Hence, different parameters influencing the extraction efficiency of the two 

analytes were studied hopefully to enhance the % recoveries. The type of the salt added 

for the salting out step was tested using 4.0 M NaCl and 2.0 M MgSO4 solutions as well 

as NaCl solid form. The best % recoveries were obtained using NaCl solid form (Fig. 

4.13 A). Therefore, the effect of the added amount of NaCl was studied from 0.05 to 0.25 

g, and the highest % recoveries were obtained using 0.15 g of NaCl (Fig. 4.13 B). 
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Fig. 4.13: Effects of (A) salt type and (B) salt amount used during salting out LLE on the 

% recoveries of the target analytes 
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the LLE step. We first studied the derivatization reaction reactivity in different solvents 
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while tetrahydrofuran allowed the reaction of HHE but significantly inhibited HNE 

reaction. On the other hand, the reaction proceeded in the other studied solvents 

(acetonitrile, dioxane, n-propanol and isopropanol) with relative degrees of reactivities of 

100, 55, 70, and 105%, respectively. Then, we tested these four solvents for salting out 

LLE procedure and acetonitrile and dioxane gave the highest % recoveries (Fig. 4.14). 

Since, the reaction proceeded with higher reactivity in acetonitrile than dioxane, thus 

acetonitrile was used as the solvent of choice. 

 

Fig. 4.14: Effect of the solvent used for salting out LLE on the % recoveries of target 

analytes 

Yet, the values of the absolute % recoveries calculated by comparing the peak 

areas obtained from extraction of serum spiked with known amount of the studied 

aldehydes to the peak areas for standard aldehydes in the solvent (acetonitrile) were 

relatively low  (40 and 62% for HHE and HNE, respectively). Keeping in mind the fact 

that the acetonitrile phase from salting out LLE usually contains 5-10% water 127, we 

conducted further experiments to investigate whether these low absolute % recovery 

values were due to a problem in the extraction efficiency or due to interference with the 
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derivatization reaction from either serum components or from the water content in the 

extracted acetonitrile phase. Thus, we compared the peak areas obtained from extraction 

of serum spiked with known amount of the studied aldehydes to those obtained for 

standard aldehydes extracted from water. Interestingly, the average relative % recoveries 

were found to be 92.0 and 99.0% for HHE and HNE, respectively. Such results mean that 

the low values of absolute % recoveries were attributed to inhibition of the derivatization 

reaction by the presence of water in acetonitrile not due to matrix effect from serum 

components.  

To confirm our conclusion and to exclude any possibility that the low absolute  

% recovery is due to poor extraction efficiency, we performed two further experiments7 

First, we compared the peak areas obtained from extraction of serum spiked with known 

amount of the studied aldehydes to those obtained from standard aldehydes spiked to 

extracted acetonitrile phase from salting out LLE. Second, we compared the peak areas 

obtained from extraction of serum spiked with known amount of the studied aldehydes to 

those obtained from standard aldehydes in acetonitrile solution containing 5% water  (to 

mimic the condition obtained after extraction of aldehydes solution in acetonitrile). In the 

first case, the average % recovery was found to be 98% for the two aldehydes, and in the 

second case they were 95 and 102.0 for HHE and HNE, respectively. These results 

confirmed our previous hypothesis that the low absolute % recovery (40-62%) is due to 

the presence of small amount of water in the extracted acetonitrile phase. Thus salting out 

LLE is suitable for the extraction of the target aldehydes, however, calibration should be 

carried out in matrix matched way. Thus the calibration was carried out in serum. For 

preparing the isotope labeled IS, the standard aldehydes were dissolved in water, then 

subjected to salting out LLE followed by heavy labelling with PQ/15N ammonium acetate. 
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4-3-7. Application of the proposed ICD LC/ESI-MS/MS method to determination 

of the target aldehydes in human serum 

The high sensitivity, accuracy, rapidness and cost-effectiveness of the developed 

ICD LC/ESI-MS/MS make it a well suited choice for analysis of the two highly reactive 

4-hydroxy-2-alkenals, HHE and HNE in human serum. The proposed method was applied 

for the determination of these two aldehydes in serum of 16 healthy subjects, as a control 

group, in addition to 5 diabetic, 8 rheumatic and 5 cardiac disorders patients. In all 

experiments, serum samples were extracted by salting out LLE followed by light labelling 

with PQ-14N ammonium acetate (solution A) and aldehydes standards in water were also 

extracted by salting out LLE followed by heavy labelling with PQ-15N ammonium acetate 

(solution B), then solutions A and B were mixed in 3:1 ratio then analyzed by LC/ESI-

MS/MS. This ratio conveyed two extra-advantages to the developed method. First, 

maintaining a small dilution of the serum samples, thus, ensure the detection of the studied 

aldehydes at trace levels, and second, supporting the cost-effectiveness of the method by 

using small amount of 15N ammonium acetate. Typical chromatograms for aldehydes 

from healthy human subjects and diabetic, rheumatic and cardiac disorders patients are 

illustrated in Fig. 4.15. The levels of HNE and HHE in healthy and patients with different 

diseases are summarized in Table 4.4. 
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Fig. 4.15: Chromatograms of (A) healthy human serum, (B) diabetic patient serum,  

(C) rheumatoid arthritis patient serum,  and (D) cardiac disorder patient serum; where 

peaks 1=HHE-PQ-14N, 2=HHE-PQ-15N, 3=HNE-PQ-14N, and 4=HNE-PQ-15N. 

(A) 

 

(C) 

 

(B) 

 

(D) 
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Table 4.4 Statistical analysis of the results for determination of the target aldehydes in 

healthy, diabetic, rheumatic, and cardiac disorders patients' sera. 

Groups 

 
Parameters 

Reactive aldehydes data 

HHE HNE 

Control  

(C, n=16) 

Range (nM) 30.5-65.3 7.6-19.2 

Mean ± SE 41.8±2.5 15.1±0.8 

Diabetic patients 

(DM, n=5) 

Range (nM) 50.7-123.7 22.8-29.3 

Mean ± SE 87.2±15.1 26.6±1.3 

Rheumatic 

patients (RA, n=8) 

Range (nM) 61.1-145.5 16.1-23.9 

Mean ± SE 97.4±11.9 20.3±1.1 

Cardiac disorder 

patients (CD, n=5) 

Range (nM) 109.5-156.1 27.8-39.7 

Mean ± SE 132.5±7.5 35.6±2.1 

Statistical analysis  

Bartlett (p) 0.0008a 177213b 

Anova   (p) -------- < 0.0001a,d 

C  vs DM (p) 0.0365a,c < 0.0001a,d 

C vs RA (p) 0.0010a,c 0.009a,d 

C  vs CD (p) 0.0061a,c < 0.0001a,d 

DM  vs RA (p) 0.8521b,c 0.015a,d 

DM  vs CD (p) 0.1567b,c  0.001a,d 

RA  vs CD (p) 0.3324b,c < 0.0001a,d 

a P < 0.05. 

b Non-significant. 

c Steel's Dwass test. 

d Tukey's multiple comparison test. 

 

Comparing the levels of HNE and HHE in healthy and diseased conditions 

showed that their levels were significantly elevated in all of the studied diseases (Table 

4.4) which agreed with the previous reports 21,27,28,61.The levels of HNE and HHE are 

elevated in diabetic conditions due to the catalytic effect of free glucose and glycosylated 

collagen on lipid peroxidation 75. Elevation of their levels in case of rheumatic arthritis is 

attributed to elevated level of ROS formed by activated polymorphonuclear cells and 
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injury resulting from ischemia and reperfusion in the inflamed joints 77. Meanwhile, the 

increased levels of both aldehydes in cardiac disorders are probably due to increased 

oxidative stress as a result of the increase in ROS production due to catalysis of its 

formation by the oxidized LDL in cardiac disorder patients. Also, ROS are formed by 

injury resulting from ischemia and reperfusion of the heart tissues resulted from 

atherosclerosis, thrombosis or coronary artery spasm induced myocardial ischemia in 

cardiac disorder patients 128.  

In addition, we conducted comparisons between the levels of HHE and HNE in 

the investigated diseased conditions. The results are summarized in Table 4. We found 

that there is no significant difference in the level of HHE in diabetic conditions compared 

to rheumatic and cardiac disorders patients or rheumatic condition compared to cardiac 

disorders ones. In contrast, the level of HNE is significantly difference among the three 

diseased groups. HNE level was significantly higher in cardiac disorders patient higher 

than diabetic and rheumatic disorder patients. On the same time, HNE level in diabetic 

conditions was significantly higher than that in rheumatoid arthritis condition which is in 

contrast for the result obtained in chapter 2, thus we could attribute this increase to the 

status of disease progression not to the disease type. From these results we can conclude 

that the level of peroxidation of ω-6 PUFAs (source of HNE) is different among the three 

analyzed diseases and HNE level could be used to differentiate between diseases or their 

status of progression. On the other hand peroxidation of ω-3 PUFAs (source of HHE) is 

significantly increased in the three studied diseased conditions in the same manner 

without any significant difference between them. However, we recommend conducting 

further studies on a larger number of samples and linking the aldehydes levels with other 

diseases biomarkers to have a confirmed conclusion about this finding. 
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4-3-8. Comparison of the proposed and reported methods for simultaneous 

determination of HNE and HHE  

Comparing the analytical performance of the developed ICD LC/ESI-MS/MS and 

that of the published methods for determination of HHE and HNE revealed advantages 

and superiority in many aspects. The developed method is the first one to determine these 

two aldehydes in serum of healthy and diseased humans, a fact which imparts a great 

importance and promising applications to it.  

Table 4.5 illustrates a comparison of the proposed and reported methods for 

simultaneous determination of HHE and HNE. Most of the developed methods need long 

derivatization time 64,96,102,122–124, as well, the reported GC/MS method of van Kuijk et al. 

121 required time consuming preparation of deuterated IS (6d3-HHE and 9d3-HNE). In 

addition, the analytical methods which used hydrazine-based derivatizing reagents 

(DNPH and DNSH) 64,96,123,124 for determination of HHE and HNE involved some 

disadvantages including poor selectivity, formation of two isomeric reaction products of 

each aldehyde as well as poor stability and safety of the reagent. Meanwhile, the two 

methods which used PFBHA derivatizing reagent entailed the formation of two reaction 

products for each aldehyde, syn/anti oxime derivatives, which is a source of analytical 

errors 121,122.  

On the other hand, the developed method is rapid, requiring only 15 min for 

complete derivatization reaction; in addition, PQ is a very selective and highly stable 

derivatizing agent for aldehydes. The use of 14N/15N ammonium acetate as ICD 

derivatizing agent provided the merits of low cost, commercial availability and time 



   Chapter IV 
  

 

98 
 

saving. The ICD technique is proved to be efficient in minimizing the matrix effects 

during LC/ESI-MS/MS analysis. 

In addition, the proposed method exhibited ultra-sensitivity for both HNE and 

HHE which is much greater than all of the reported methods for their determination. The 

proposed method is about 20-32000 and 4-8700 times more sensitive than the published 

methods for HHE 64,96,102,123,124 and HNE 64,96,102,121,123,124, respectively (Table 4.5). This 

great sensitivity makes the proposed method an excellent choice for the determination of 

these two aldehydes in biological fluids at trace and ultra-trace levels with high accuracy 

and precision.     

Table 4.5 Comparison of the developed and reported methods for simultaneous 

determination of HHE and HNE  

Method Reagent 

Condition 

(temp °C/ 

time ) 

LOD nM 

(fmol/injection) matrix Ref. 

HHE HNE 

GC/MS PFBHA RT/10 min N/A  (64) Copper-oxidized 

human LDL 

121 

GC/MS PFNHA RT/2h N/A N/A Mice liver 122 

HPLC-UV DNPH RT/ 

overnight 

(8764) (6401) vegetable oil 123 

LC-MS/MS DNPH 60/2h 1127 128 Linseed oil 124 

LC-MS/MS DNPH RT/1h 0.3 (6) 

 

0.6 (12) 

 

Exhaled breath 

condensate 

64 

LC-MS/MS CHD 60/1h (351) (128) Oxidized plasma 102 

LC-MS/MS DNSH RT/4h 0.2 (1.0) 0.2 (1.0) Rat serum 96 

LC-MS/MS PQ/14N-15N 

ammonium 

acetate 

90/15 min 0.05(1.0) 0.01(0.2) Human serum Proposed 

method 

N/A: Data is not available. 
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4-3-9. Comparison of the proposed and previously reported ICD LC-MS/MS 

methods for aldehydes 

 Some ICD LC-MS/MS methods have been previously reported for the 

determination of some aldehydes in different matrices, e.g. aquatic products 104, air 129, 

exhaled breath condensate 130 and pooled human liver microsomes 131. Yet, most of these 

methods depends on using of isotope coded analogues of DNPH including d0/d3-DNPH 

129,130 and 15N0/
15N4-DNPH 131. Although DNPH is commercially available reagent but its 

isotope coded analogues are not, and their in-laboratory synthesis is expensive and 

sophisticated. The synthesis of d0/d3-DNPH involved the use of d0/d5-chlorobenzene as 

initial substrate 129,130, while15N0/
15N4-DNPH is synthesized via 2 steps involving 

15N0/
15N1-nitric acid and 15N0/

15N2–hydrazine as reactants 131. Additionally, a method 

depends on using d0/d3-MPIA which is synthesized through a very time-consuming 

procedure and the introduction of isotope signature was accomplished using tri-deuterated 

iodomethane 104. In all of these methods, the synthesis process represents a strong 

limitation of the methods applications due to very long time (reaching many days) 

required for synthesis, purification, drying and recrystallization steps of ICD reagents. 

Another disadvantage associated with ICD LC-MS/MS based on d0/d3-reagents 104,129,130 

is the chromatographic isotopic effect that emerges upon using d0/d3-reagents. In contrast, 

15N/14N ammonium acetate is commercially available and cheap reagent which made the 

proposed method very convenient, rapid and practical for wide spread use in analysis of 

aldehydes. In addition, the use of 15N/14N ammonium acetate completely overcome the 

chromatographic isotopic effect associated with the use of d0/d3-reagents. 

Only one of these methods determined HNE in a biological matrix, exhaled breath 

condensate 130, however our method is about 10 times more sensitive than this method.  
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The excellent analytical performance and remarkable advantages of the developed 

ICD LC/ESI-MS/MS method suggests its significance for further applications to study 

the distribution of HNE and HHE in tissues and their contribution to tissue damage due 

to oxidative stress. 

 

4-4. Conclusions 

In this work we described an expedient, rapid and highly sensitive ICD technique 

based on using PQ and 14N/15N ammonium acetate as ICD reagent followed by LC/ESI-

MS/MS for quantitative analysis of two highly reactive 4-hydroxy-2-alkenals, HHE and 

HNE, in human serum. The developed method was able to detect HHE and HNE with 

LOD down to 0.05 and 0.01nM, respectively. The developed method exhibited many 

advantages over published literatures for determination of these two aldehydes where it 

is time-saving, cost-effective, selective and it uses a safe and stable derivatizing agent 

(PQ), and a cheap and commercially available ICD reagent (14N/15N ammonium acetate). 

Thus, we applied the developed method to determine the levels of these aldehydes in 

serum of diabetic, rheumatic and cardiac disorder patients, as well as a healthy control 

group. We found that the levels of HNE and HHE are significantly higher in all diseased 

conditions compared to the control group. In addition, no significant difference in the 

levels of HNE and HHE was observed in diabetic patients compared to rheumatic and 

cardiac disorder patients. On the other hand, the level of HNE was significantly higher in 

case of cardiac disorders relative to rheumatic arthritis condition, while, no significant 

difference was observed in the level of HHE in both diseases.
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5-1. Introduction 

Semicarbazide-sensitive amine oxidase (SSAO) is a family of heterogenous 

enzymes that can catalyze the deamination of various exogenous and endogenous mono-

amines. It is a copper-containing glycoprotein possessing topa-quinone as a cofactor. 

These enzymes are found in most of the mammalians in two forms: tissue-bound and 

soluble isoforms (i.e. serum SSAO) 132,133. The SSAO enzymes are different from the 

monoamine oxidases (MAO-A and MAO-B) in their inhibition pattern since they have 

tolerance to MAO inhibitors like clorgiline, pargyline and deprenyl, but sensitive to 

semicarbazide and other hydrazines 134.  

SSAO causes oxidative deamination to various amine compounds including 

dopamine, polyamines, tyramine, tryptamine, and benzylamine by converting them to the 

corresponding aldehydes with the generation of hydrogen peroxide and ammonia. 

Oxidation of methylamine, allylamine, and aminoacetone by SSAO gives rise to 

formaldehyde, ACR and methylglyoxal, respectively 134. These products are all 

potentially cytotoxic, e.g., formaldehyde is well known to be a major environmental risk 

factor, ACR and methylglyoxal may disrupt the functions of proteins, lipids, and 

enzymes, and hydrogen peroxide is a major generator of oxidative stress which is 

commonly associated with numerous diseases 135.  

The activity of serum SSAO has been reported to be increased in certain clinical 

conditions such as heart failure 136 and diabetes mellitus 137,138. Also, when the activity of 

SSAO is high, the increased enzymatic-mediated deamination is proposed to be involved 

in the pathogenesis of many vascular disorders 139. Hence, the determination of SSAO 

might be a useful marker in the prognostic evaluation of diabetic angiopathy 140. 
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Several methods have been described for the measurement of SSAO activity, 

mostly using benzylamine as the preferred substrate. By the action of SSAO, benzylamine 

is deaminated and oxidized to benzaldehyde with the generation of hydrogen peroxide, 

and ammonia. These methods include HPLC-FL after derivatization of benzaldehyde 

with dimedone 141, HPLC-UV detection 142 and light scattering measurement 143 after 

derivatization with DNPH, and radiometric method using [14C]-benzylamine as enzyme 

substrate144. Other methods depended on direct measurement of the enzyme using LC-

MS 145, reverse transcription polymerase chain reaction (RT-PCR) 146, and Western blot 

and immunoassays 133,147. Although some of these methods are sensitive enough to give 

valuable data about the SSAO activity, most of them suffer from various drawbacks such 

as time-consumption, tedious extraction procedures and poor recoveries of benzaldehyde 

from biological fluids 142,143, long derivatization reaction times 141–143, use of radioactive 

compounds 144, harsh condition (e.g., 9 M sulfuric acid)141, and the use of sophisticated 

and expensive instruments 133,145–147. In addition, these methods that are based on the 

direct measurement of the SSAO enzyme 133,145–147 do not reflect its activity inside the 

human body. In addition, the RT-PCR method 146 was not able to make a precise 

determination of the expression of SSAO neither in vivo nor in vitro. Also, the Western 

blot and immunoassays 133,147 need expensive antibodies. So, these methods are not 

suitable for routine analysis of a large number of samples and there is a need to develop 

a sensitive, fast, simple, and convenient method for the determination of SSAO activity 

in serum.  

In the present work, we aim at developing a rapid and highly sensitive flow 

injection analysis (FIA) method for the determination of SSAO activity in serum that 

allows the processing of a large number of samples within a short analysis time. The 
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method is based on incubation of serum with benzylamine, an exogenous SSAO substrate. 

Then the benzaldehyde generated by the SSAO activity is derivatized online with the 

novel aromatic aldehyde-specific reagent 1,2-diaminoanthraquinone (DAAQ) and the 

formed derivative will be determined by fluorescence detection (Fig. 5.1). The serum 

SSAO activity will be determined as benzaldehyde (nmol) formed per mL serum per hour. 

 

 

 

 

 

 

 

Fig. 5.1: Suggested mechanism for benzaldehyde reaction with DAAQ. 

 

5-2. Experimental 

5-2-1. Materials and reagents 

Benzaldehyde, benzylamine, and glacial acetic acid were purchased from Wako 

Pure Chemical Industries. Sodium dihydrogenphosphate dihydrate (NaH2PO4:2H2O) and 

disodium hydrogen phosphate (Na2HPO4) were obtained from Nacalai Tesque. DAAQ 

and clorgiline were purchased from Sigma-Aldrich. Acetonitrile and methanol (HPLC 

grade) were obtained from Kanto Chemical Company. The water used was purified by a 

Simpli Lab UV (Millipore).  

Phosphate buffer solution (0.1 M, pH 7.8) was prepared by dissolving 0.13 g of 

Na2HPO4 and 0.14 g of NaH2PO4:2H2O in 100 mL distilled water and a Horiba F22 pH-
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meter was used to check the pH of the buffer. Stock solution of benzaldehyde (10 mM) 

was prepared in acetonitrile and stock solutions of clorgiline (0.2 mM) and benzylamine 

(5.6 mM) were prepared in phosphate buffer solution. 8.0 mM and 0.8 mM solutions of 

DAAQ were prepared in glacial acetic acid. Because of the expected photo instability of 

DAAQ, its solution was kept in amber-colored glass bottles. It was found to be stable for 

at least 2 weeks when kept at 4 °C in the refrigerator. 

 

5-2-2. Instrumentation and FIA conditions 

A schematic diagram of the FIA system is shown in Fig. 5.2. The FIA system 

consisted of  two Shimadzu LC-20AT pumps, a Rheodyne injector (Cotati, CA, USA) 

with a 20 µL sample loop, a Shimadzu RF-20AXS fluorescence detector, and an EZ 

Chrom Elite chromatography data acquisition system (Scientific software, Pleasanton, 

CA, USA). Polytetrafluoroethylene (PTFE) tubing (10 m x 0.5 mm i.d., GL Sciences, 

Tokyo) was used as a reaction coil. Temperature of the reaction coil was kept at 100°C 

using a Shimadzu CTO-6A oven. Methanol and 0.8 mM DAAQ solution in glacial acetic 

acid were used as carrier and fluorogenic reagent streams, respectively. The flow rates of 

the carrier and fluorogenic reagent streams were set at 0.2 mL/min. Fluorescence 

detection was performed at 390 nm for excitation and 570 nm for emission.    
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Fig. 5.2: Schematic diagram of the used FIA system. 

5-2-3. Confirmation of the identity of benzaldehyde-DAAQ derivative 

The method of Huang et al. 148 was followed for the synthesis of benzaldehyde-

DAAQ derivative. The obtained yellowish-brown compound was subjected to electron 

impact-MS (EI-MS) to identify the molecular ion and 1H NMR studies to prove the 

structure. The EI-MS spectra were recorded using JMS DX-303 mass spectrometer (Joel 

Ltd., Japan) and 1H NMR spectra were recorded using Varian5-inova500 (500 Hz) 

spectrometer (Varian, CA, USA). 

5-2-4. Fluorescence measurement of benzaldehyde after reaction with DAAQ 

To a 100 µL portion of methanolic solution of 0.2 mM benzaldehyde in a screw 

capped vial, 100 µL of 8.0 mM DAAQ in acetic acid was added. After vortex mixing, the 

reaction mixture was heated at 100 °C for 30 min. The reaction mixture was diluted 10 

times with methanol and the fluorescence spectra were recorded by a Shimadzu RF-1500 

Reagent stream  
(0.8 mM DAAQ  
in acetic acid) 

Carrier stream  
(methanol) 
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spectrofluorophotometer. A blank experiment was carried out simultaneously using 100 

µL of methanol instead of benzaldehyde solution. 

5-2-5. Clinical samples 

The present experiments were approved by the Ethics Committee of the School of 

Pharmaceutical Sciences, Nagasaki University, and performed in accordance with the 

established guidelines. Serum samples of 24 healthy human subjects (10 females, 14 

males; mean age 49.2 ± 6.6) and 18 diabetic ones (10 females, 8 males; mean age 59.0 ± 

12.0) were supplied by Sasebo Chuo Hospital and stored at -80 °C until analyzed. 

5-2-6.  Sample preparation procedure for SSAO enzyme activity 

An aliquot of 50 µL human serum was pippeted into a 1.5 mL Eppendorf tube, to 

which 100 µL clorgiline (0.2 mM) was added to inhibit the MAO-A and B activities in 

serum. The tubes were vortexed for 1 min and incubated in a thermostatically controlled 

water bath at 37 °C for 30 min. An aliquot of 250 µL of 5.6 mM benzylamine was added 

to each tube giving a final concentration of 3.5 mM, then vortexed for 1 min and incubated 

at 37 °C for 1 h. An aliquot of 400 μL acetonitrile was immediately added to each tube, 

then was vortexed for 1 min and centrifuged at 1,200 × g for 5 min. The mixture was then 

kept at -30 °C for 20 min to separate the acetonitrile phase from the aqueous phase. An 

aliquot of 20 µL of the acetonitrile phase was injected into the FIA system. 

5-2-7. Method validation 

Method validation was performed in accordance with Guidance for Industry, 

Bioanalytical Method Validation (FDA) 66, where the fundamental parameters are 

calibration curve, selectivity, accuracy, precision, and recovery. The calibration curve 

was constructed by spiking seven samples covering the concentration range of 0.2-150.0 
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nmol/mL (including the LOQ) to the enzymatic reaction mixture (using 250 µL of 

phosphate buffer solution instead of the SSAO’s substrate, benzylamine). Each 

concentration was measured five times by applying the procedure described under section 

"5-2-6.". The LOQ was determined as the lowest concentration in the calibration curve 

where the analyte could be detected with acceptable accuracy (80-120%) and precision 

(% RSD ≤ 20%). The LOQ was established using five independent serum samples spiked 

with standard benzaldehyde 66. In addition, the LOD was determined as the concentration 

corresponding to the peak area of the blank plus three times of its standard deviation 

(blank+3SD).  

Selectivity of the proposed method, defined as its ability to differentiate and 

quantify the analyte in the presence of other components in the serum, was evaluated by 

the analysis of blank serum samples obtained from six sources (six human volunteers).  

Accuracy and precision of the proposed method were also evaluated by applying 

the procedure described under section "5-2-6." for replicate analyses of serum samples 

containing known amounts of the analyte. Benzaldehyde was spiked to enzymatic 

reaction mixture at three different concentration levels: low, medium, and high (0.2, 5.0, 

and 100.0 nmol/mL, respectively) using 250 µL of phosphate buffer solution instead of 

the SSAO’s substrate benzylamine. Each concentration was measured five times. The 

mean value was calculated and the deviation of the mean from the true value served as 

the measure of accuracy. Intra-day precision was investigated by calculating the % RSD 

for the peak areas for the five injections of benzaldehyde solution at these three 

concentrations in the same day; similarly, the inter-day precision (repeatability) was also 

investigated by calculating the % RSD for the peak areas of the three benzaldehyde 

concentrations on five successive days. 



   Chapter V 
  

 

108 
 

Recovery experiments were performed by comparing the analytical results for 

extracted enzymatic reaction mixtures (a) spiked at three concentrations of benzaldehyde 

(0.2, 5.0, and 100.0 nmol/mL) with un-extracted standards (b) that represent 100% 

recovery. % Recovery was calculated as follows:   % Recovery = (a/b) x 100 

5-2-8. Statistical analysis  

In order to compare the levels of SSAO activity in the two studied groups (healthy 

and diabetic groups), variance ratio F-test was used to determine if there is a difference 

in their variances. Then, according to the result of the F-test we use either Student's t-test 

assuming equal variances or Student's t-test assuming unequal variances for comparing 

of the mean SSAO activity in each group 149. Tests were two-sided and the significance 

was established at P < 0.01.                 

5-3. Results and discussion 

5-3-1. Fluorescence spectra and identification of benzaldehyde-DAAQ derivative 

          DAAQ is a non-cytotoxic and non-fluorescent probe that was used previously for 

nitric oxide sensing through the formation of a fluorescent triazole derivative which is 

detectable by means of fluorescence microscopy 150. The use of DAAQ as a derivatizing 

reagent for aldehydes has not been previously reported, which indicates the novelty of the 

proposed method. 

         The fluorescence spectra obtained from the reaction mixture of benzaldehyde with 

DAAQ in methanol are shown in Fig. 5.3. The formed imidazole derivative showed 

excitation and emission maxima of 390 and 545 nm, respectively. On the other hand, 

neither benzaldehyde nor DAAQ exhibited intrinsic fluorescence at the specified 

excitation and emission wavelengths. Since the reaction is a fluorogenic one, it can be 
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used for online derivatization in FIA determination of benzaldehyde formed by the action 

of serum SSAO. 

          In order to elucidate the structure of the fluorescent derivative, the yellowish-brown 

precipitate obtained from the reaction of benzaldehyde with DAAQ was analyzed by EI-

MS and 1H NMR. The most abundant ion peak was found at m/z 324 corresponding to 

the molecular formula of C21H12N2O2 and 1H NMR (500 MHz, DMSO-d6) d (ppm): d7.56 

(3H, d, J = 8.5 Hz), d7.87 (2H, t, J = 7.0 Hz), d8.04(2H,d, J = 7.0 Hz), d8.16(2H, m), 

d8.30 (2H, d, J = 4.0 Hz). These results conform to the those reported by  Huang et al. 148 

and the previous reports for the reaction of benzaldehyde with DAAQ or their  

analogues 151. Thus, the derivatization reaction was suggested to proceed as shown in Fig. 

5.1. 

 

Fig. 5.3: Fluorescence spectra of benzaldehyde-DAAQ (10.0 µM benzaldehyde and 8.0 

mM DAAQ) derivative and reagent blank (8 mM DAAQ alone). (A), (B): excitation and 

emission spectra of benzaldehyde-DAAQ derivative, respectively, (A'), (B'): excitation 

and emission spectra of reagent blank, respectively. 
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5-3-2. Optimization of derivatization conditions  

In order to obtain the highest fluorescence intensity, we optimized the conditions 

for the fluorogenic derivatizaion reaction including DAAQ concentration, catalyst type 

and concentration and reaction temperature. The effect of DAAQ concentration on the 

fluorescence intensity was studied over the range of 0.1-1.0 mM. The fluorescence 

intensity increased with increasing the DAAQ concentration up to 0.4 mM then reached 

a plateau (Fig. 5.4). 0.8 mM of DAAQ was selected as the optimum reagent concentration 

to ensure method robustness. 

 

Fig. 5.4: Effect of DAAQ concentration on the fluorescence intensity of the reaction 

product with benzaldehyde (100 nmol/mL) 

The influence of different catalysts on the fluorescence intensity was examined 

using acetic acid, acetic acid/sodium acetate, acetic acid/copper acetate, trifluoroacetic 

acid, sulfuric acid, acetic acid/Mn(III), and acetic acid/sodium metabisulfite as solvents 

for preparation of DAAQ. The study of these catalysts is based on previous reports for 

the synthesis of 2-arylbenzimidazoles from benzaldehyde and DAAQ or their  
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analogues 151. Among these catalysts, the highest fluorescence intensity was obtained with 

acetic acid alone, so it was selected for subsequent experiments (Fig. 5.5 A). 

Subsequently, the effect of acetic acid concentration on the fluorescence intensity was 

studied over the concentration range of 10-100% using methanol as a diluent. The 

maximum fluorescence intensity was achieved using 100% acetic acid (Fig. 5.5 B); hence, 

it was used as a solvent for preparation of DAAQ. 

 

 

Fig. 5.5: Effect of (A) type of catalyst and (B) acetic acid concentration (%) on the 

fluorescence intensity of DAAQ-benzaldehyde derivative 
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The effect of the reaction temperature was examined (Fig. 5.6). The fluorescence 

intensity increased with increasing the temperature up to 100 °C. As a result, 100 °C was 

selected as the optimum reaction temperature.  

 

Fig. 5.6: Effect of the reaction temperature (°C) on the fluorescence intensity of DAAQ-

benzaldehyde derivative 

5-3-3. Optimization of FIA conditions  

The FIA parameters such as the kind of carrier stream, flow rate of the carrier 

stream, flow rate of the fluorogenic reagent solution and reaction coil type and dimension 

were also optimized. Different solvents were tried as carrier streams including water, 

methanol, and acetonitrile. Methanol gave the highest fluorescence intensity, so it was 

chosen as the optimum carrier stream.  

The effect of the flow rate of the two streams, the carrier and the fluorogenic 

reagent solutions, on the fluorescence signal and the residence time was investigated by 

changing their flow rate from 0.3 to 1.0 mL/min. A total flow rate of 0.4 mL/min was 

selected as a compromise between sensitivity and analytical throughput (Fig. 5.7) giving 
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a reasonable residence time of 5 min. Then, the flow rate ratio (carrier stream: fluorogenic 

reagent stream) was investigated maintaining a total flow rate of 0.4 mL/min. The highest 

fluorescence intensity was obtained at a flow rate of 0.2 mL/min for the two streams. 

 

Fig. 5.7: Effect of total flow rate of the carrier and fluorogenic reagent streams on the 

fluorescence intensity of DAAQ-benzaldehyde derivative 

Both PTFE and metal tubes were investigated as a reaction coil, and the PTFE one 

gave better fluorescence signal, so, it was selected as the optimum in subsequent 

experiments. The effect of the reaction coil dimension on the fluorescence intensity was 

investigated using different PTFE tubes while keeping a total residence time of 5 min by 

varying the flow rate. Three PTFE reaction coils were tested; the first one has dimensions 

of 10 m x 0.5 mm i.d. (coil volume of 2 mL) and the used flow rate was 0.4 mL/min, the 

second one was 15 m x 0.5 mm i.d. in dimensions (coil volume of 3 mL) and the used 

flow rate was 0.6 mL/min, and finally the third one was 10 m x 0.75 mm i.d. in dimensions 

(coil volume of 4.5 mL) and the used flow rate was 0.9 mL/min. The maximum 

fluorescence intensity was obtained using the first reaction coil (Fig. 5.8).  
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Fig. 5.8: Effect of reaction coil volume and flow rate on the fluorescence 

intensity of DAAQ-benzaldehyde derivative 

In addition, an online study was conducted for selection of the optimum excitation 

and emission wavelengths of the reaction product. The highest fluorescence signal was 

obtained upon measuring the formed derivative at emission wavelength of 570 nm and 

excitation wavelength of 390 nm. A variation of the optimum emission wavelength of the 

product in the reaction medium from that in the online system was observed (545 and 570 

nm, respectively), which is probably attributed to the difference in medium polarity. So, 

for achieving maximum sensitivity under the operating conditions, detection was done at 

390/570 nm (excitation/emission).   

Fig. 5.9 illustrates a representative detector response for benzaldehyde in 

enzymatic reaction mixture under the optimum FIA conditions.  
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Fig. 5.9: FIA signals for the determination of benzaldehyde spiked to the enzymatic 

reaction mixture. Concentrations of benzaldehyde are: (a) 0 nmol/mL (blank), (b) 0.2 

nmol/mL, (c) 5 nmol/mL, (d) 20 nmol/mL, (e) 50 nmol/mL, (f) 80 nmol/mL, (g) 100 

nmol/mL and (h) 150 nmol/mL. 
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To prevent the possible participation of plasma MAO in the conversion of 

benzylamine substrate to benzaldehyde, the reaction mixture was first incubated with 100 
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makes a complete and irreversible inhibition of both MAO-A and B 134; meanwhile, 
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sites stoicheometrically to form adduct with the flavine group in a 1:1 ratio 152. After 

incubation with clorgiline, the reaction was started by the addition of 250 µL of 

benzylamine. Different benzylamine concentrations were tried and the reaction rate was 

calculated each time as the amount formed of benzaldehyde in (nmol/mL/h). The apparent 

Km (K') and Vmax (V') of serum SSAO were estimated by the nonlinear curve fitting (Fig. 

5.10) of Michaelis–Menten equation using GraphPad Prism trial version 6.05, (GraphPad 

Software, La Jolla, CA, USA): 

V = (Vmax x [S]) / (Km + [S])                   

Where V is the initial rate of reaction, Vmax is the maximum reaction velocity, [S] is the 

substrate concentration, and Km is the Michaelis-Menten constant. 
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Fig. 5.10: Nonlinear fitting of Michaelis–Menten plot of SSAO activity versus 

benzylamine concentration in the enzymatic reaction mixture using GraphPad Prism 

trial version 6.05. 
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K' was found to be 322.2 ± 23.2 nmol/mL, where V' equals 46.1 ± 0.9, which 

compares well with previously reported values 141,153. Since it is usual to use a 

concentration of substrate about 10 folds higher than the K' value to determine the activity 

of an enzyme in a sample, a concentration of 3.5 µmol/mL of benzylamine was used as 

the optimum substrate concentration in the incubation mixture.  

For efficient extraction of benzaldehyde from human serum, we first attempted a 

simple PPT procedure with methanol or trichloroacetic acid for the pretreatment of serum 

samples. However, it was found that the presence of water in the reaction mixture 

interfered with the fluorogenic reaction. Therefore, in order to remove the water from the 

extracted solution, a subzero-temperature LLE based on the phenomenon that acetonitrile 

can be separated from the aqueous phase at a temperature below -20 °C 61,154, was 

adopted. The application of this technique enabled water to be eliminated from the 

reaction mixture and the fluorogenic reaction then proceeded well. Moreover, the addition 

of acetonitrile terminated the action of SSAO on benzylamine via protein denaturation. 

5-3-5. Validation study 

To confirm the reliability of the proposed method, it was validated according to 

the Guidance for Industry on Bioanalytical Method Validation 66.  

The calibration curve prepared from the analysis of enzymatic reaction mixture 

spiked with standard benzaldehyde solution (seven-points curve) showed excellent linear 

relationship (r = 0.9999) between the concentrations and the average peak area over the 

concentration range of 0.2-150.0 nmol/mL according to the following regression 

equation:  
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Y = 0.388x105 + 1.62x105 X  

Where: Y is the average peak area and X is benzaldehyde concentration, nmol/mL. 

The LOQ was found to be 0.2 nmol/mL with a % RSD of 9.4% and accuracy of  

-6.5%. The LOD (blank + 3 SD) was 0.06 nmol/mL.  

To ensure selectivity of the proposed method and its ability to measure and 

differentiate benzaldehyde in the presence of components which may be expected to be 

present in the serum samples, serum samples from six healthy volunteers were analyzed 

and the response was compared to the signal of the analyte at the LOQ. Under these 

conditions, no interference from endogenous matrix components was observed indicating 

the selectivity of the proposed method for benzaldehyde. In addition an interference study 

has been carried out and will be discussed later in details. 

The intra- and inter-day accuracy and precision of the proposed method were 

determined at 0.2, 5.0, and 100 nmol/mL. The results, expressed as the deviation of the 

mean value from the true one for accuracy and % RSD for precision, are shown in Table 

5.1. The data showed good accuracy (intra-day -4.0 to -1.4 %; inter-day -6.5 to -0.6%) 

and adequate precision (intra-day % RSD of 2.9 to 6.7%; inter-day % RSD of 2.2 to 

9.4%). 

Recovery pertains to the extraction efficiency of the analytical method within the 

limits of variability. The % recoveries ranged from 94 to 98% with a standard deviation 

did not exceed 8.5% proving the high efficiency, precision, and reproducibility of the 

subzero-temperature LLE method. The results of recovery study are shown in Table 5.2. 

The results of the validation procedure of the proposed FIA method agreed well 

with the requirements of the guidelines for Bioanalytical Method Validation 66. 
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Table 5.1 Accuracy and precision of the proposed method for the determination of 

benzaldehyde in the spiked enzymatic reaction mixtures 

 Spiked 

concentration 

(nmol/ mL) 

Found Conc.  

(nmol/mL) 

Accuracy 

(%) 

 

Precision 

(% RSD) 

Intra-day (n = 5)    

0.2 0.192 -4.0 6.7 

5.0 4.85 -3.0 3.4 

100.0 98.6 -1.4 2.9 

Inter-day (n = 5)       

0.2 0.187 -6.5 9.4 

5.0 4.72 -5.6 4.5 

100.0 99.4 -0.6 2.2 

 

 

Table 5.2 Results of recovery study of benzaldehyde from spiked enzymatic reaction 

mixtures  

Spiked level 

(nmol/mL) 

% Recovery SD 

0.2 94 8.5 

 5.0 96 4.1 

100.0 98 2.1 
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5-3-6. Interference investigation 

In order to apply the proposed method to the determination of benzaldehyde 

formed by the action of serum SSAO, the influence of some aldehydes typically found in 

human serum was investigated. The aldehydes and their concentration ranges shown in 

Table 5.3 were selected for investigation of the interferences with the present method. 

Firstly, a mixed solution containing benzaldehyde (100 nmol/mL) and the aldehyde to be 

examined at constant concentration of 100 nmol/mL was injected into the carrier stream. 

The error due to the potentially interfering substances in the determination of 

benzaldehyde was determined by comparing the signal obtained for the mixed solution 

with that obtained for the 100 nmol/mL benzaldehyde solution without the interfering 

aldehyde.  

Secondly, the same experiment was repeated in the enzymatic reaction mixture by 

spiking it with benzaldehyde (100 nmol/mL) and the aldehyde to be examined at constant 

concentration of 100 nmol/mL following the procedure mentioned in section "5-2-6." 

using 250 µL of phosphate buffer solution instead of the SSAO’s substrate benzylamine. 

Furthermore, both previous experiments were repeated using a mixture of all these 

possibly interfering aldehydes (100 nmol/ mL  of each) and benzaldehyde (100 nmol/mL) 

and the error resulted from these aldehydes mixture was calculated.  

The results of all experiments are illustrated in Table 5.3. It can be noted that the 

presence of GO, methylglyoxal, ACR, heptanal or MDA causes negligible small 

interferences in the direct determination of benzaldehyde, proving specificity of the 

reagent for aromatic aldehydes. In addition, the % error measured following the subzero-

temperature LLE was obviously less than that measured upon direct injection of samples 
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into the FIA system. A % error of +1.1 was obtained upon analysis of serum sample 

spiked with benzaldehyde and mixed aldehydes following the subzero-temperature LLE 

versus +10.1% upon injection of the mixture directly into the carrier stream. These results 

evidenced the selectivity of the extraction procedure for benzaldehyde in presence of 

other aliphatic aldehydes. 

Table 5.3 Effects of some aldehydes normally exist in human serum on the determination 

of benzaldehyde (100 nmol/mL) 

 

 

 

 

 

a Calculated as (AB+I – AB)/AB. Where, AB+I and AB
 denote the peak area obtained for   

  benzaldehyde solution containing the interfering aldehyde and that obtained for  

  benzaldehyde without aldehyde, respectively. 

b % Error calculated after direct injection of acetonitrile solutions containing  

  benzaldehyde alone or with interfering aldehydes  

c % Error calculated after subzero-temperature LLE of serum  

  samples spiked with benzaldehyde alone or with interfering aldehydes 

 

 

 

 

Aldehyde (100 nmol/mL) 

Standard 

mixture 

Enzymatic reaction 

mixture 

% Error a,b  % Error a,c   

GO +0.1 +0.2 

Methyl glyoxal +0.7 -0.5 

ACR +2.5 -1.1 

Heptanal +1.1 -0.3 

MDA +5.2 -1.2 

Mixture of all previous aldehydes  +10.1 +1.1 
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Interference that may be encountered from benzylamine, the exogenous substrate 

of SSAO, with the derivatization reaction of benzaldehyde with DAAQ was also tested. 

A mixed solution containing benzaldehyde (100 nmol/mL) and benzylamine (3.5 mM) in 

acetonitrile was injected into the carrier stream. Comparing the signal obtained for this 

solution with that obtained for a standard benzaldehyde (100 nmol/mL), revealed a 

negative interference (-46.0%). The reason for this interference is probably due to 

condensation reaction of benzaldehyde with benzylamine forming a Schiff's base 155, such 

reaction abstracted benzaldehyde from the medium causing a negative interference with 

the assay.  

Indeed, to mimic the actual assay conditions in serum, the same experiment was 

repeated in phosphate buffer (pH 7.8) (as a substitute for serum) then the solution was 

extracted by the subzero-temperature LLE procedure. 20 µL of the acetonitrile phase was 

injected into the FIA system. Interestingly, a negligible positive deviation (+0.6%) from 

the actual value for benzaldehyde alone was observed. This indicates the high selectivity 

of the extraction procedure for benzaldehyde in the presence of benzylamine. This is 

because benzylamine has a distribution coefficient (log D) =  

-0.56 at pH 7.4 (the physiological pH of blood serum), while that of benzaldehyde at the 

same pH is 1.61 156, which indicates very high polarity of benzylamine relative to 

benzaldehyde. From this, we can conclude that under the working condition (at pH 7.8); 

benzylamine is not extractable in acetonitrile phase while benzaldehyde is readily 

extracted in it, which offers high selectivity for the assay.  
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5-3-7. Application of the proposed method to determination of the SSAO activity in 

healthy and diabetic sera 

The proposed FIA-FL method was applied to determine the human serum SSAO 

activity of 24 healthy human subjects and 18 patients with diabetes mellitus. Serum SSAO 

activity is defined as benzaldehyde (nmol) formed per mL serum per hour. The average 

SSAO activity in healthy human subjects (mean ± SE) was found to be 58.9 ± 2.2 

nmol/mL/h which agreed well with the previous results 142,157,158. 

In the sera of diabetic patients, activity of SSAO was significantly higher 

compared to control healthy subjects at P < 0.01 (Table 5.4). This finding is in accordance 

with previous reports 137,138,159–161. Nunes et al. attributed the significant increase in SSAO 

activity in diabetic patients to the translocation of SSAO from the tissue-bound to plasma 

due to alterations in arterial permeability 162. Thus, the measurement of serum SSAO 

activity is a valuable clinical biomarker for evaluation of the prognosis of diabetic 

complications 144. 

Table 5.4 Statistical analysis of the results for determination of the SSAO activity in 

healthy and diabetics human subjects' sera  

Parameter 
Control healthy 

human subject 
Diabetic patients 

Number of samples (n) 24 18 

SSAO activity range (nmol/mL/h) 29.7-79.3 59.9-84.4 

SSAO activity mean ± SE (nmol/mL/h) 
58.9 ± 2.2 73.3 ± 1.8 

Variance ratio F-test P = 0.09 (NS)a  

Student’s t-test P < 0.01 
a NS: no significant difference. 
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5-3-8. Comparison of the performance of the proposed method with that of 

reported literature for SSAO activity determination 

Table 5.5 illustrates a comparison of the performance of the proposed method with 

the reported literature for the determination of SSAO activity. The proposed method is 50 

and 2 times more sensitive for benzaldehdye than the reported HPLC methods for 

determination of SSAO activity, respectively 141,142.  Even if the reported light scattering 

technique 143 exhibited higher sensitivity than the proposed method, it suffers from some 

drawbacks such as tedious extraction procedure, long drivatization time, and poor 

recovery. 

Table 5.5 Critical comparison of the performance of the proposed and reported methods 

for determination of SSAO activity 

Ref. Remarks 

LOD 

(nmol/mL/h) 

 

% 

Recovery 

 

Reaction 

time (min)/ 

temperature 

(°C) 

Reagent Method 

141 Derivatization 

required 9 M 
sulphuric acid 

 

1.50 97 45/95 Dimedone HPLC-FL 

142 Unstable, 

flammable, 

and irritant 

reagent 

 

0.100 

 

64- 68 30/37 DNPH HPLC-

UV 

 
143 0.002   68 30/40 DNPH Light-

Scattering 

 
144 Using 

radioactive 

compound 

 

N/A a N/A a ----- [14C] 

Benzylamine 

Radio-

enzymatic 

assay 

Present 

method 

Automated 

online reaction 

0.060 94-98 5/100 DAAQ FIA-FL 

a N/A: data is not available. 

 

Although the time required for sample pretreatment and incubation period is a 

common feature of the proposed method and reported literature, the proposed FIA method 
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has the advantage of online derivatization reaction and short run time (5 min) which offers 

high sample throughput (27 sample/h). In addition, the proposed method uses small serum 

volume (50 µL), these attributes, together with the excellent recovery and selectivity 

obtained adopting the subzero-temperature LLE procedure, make the proposed method 

very suitable for the routine measurement and comparison of serum SSAO activity in 

healthy and diabetic subjects. 

The results of the proposed FIA method were statistically compared with those 

obtained using the reported HPLC-UV detection method 142 by applying both methods 

for the analysis of serum samples from ten healthy volunteers (4 females, 6 males; mean 

age 51.2 ± 5.6) for determination of SSAO activity. Statistical comparison of the results 

of the proposed and reported methods by two-sided paired Student t-test and variance 

ratio F-test revealed no significant difference between the performances of the two 

methods with regard to accuracy and precision 149. Results of the comparison study are 

illustrated in Table 5.6. 

Table 5.6 Statistical comparison of the proposed FIA method and a reference method for 

the determination of SSAO activity in human sera 

Parameter 
Proposed FIA 

method 

Comparison HPLC-

UV method 142 

Number of samples (n) 10 

SSAO activity range (nmol/mL/h) 35.7-63.1 33.9-63.6 

SSAO activity mean ± SE (nmol/mL/h) 
48.9 ± 3.4 47.6 ± 3.3 

Variance ratio F-test P = 0.44 (NS)a  

Paired student’s t-test P = 0.19 (NS)a 

a NS: no significant difference. 
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5-4. Conclusions  

Herein, a novel fluorogenic derivatizing agent (DAAQ) was used to convert 

benzaldehyde, generated by the action of SSAO on benzylamine, into a fluorescent 

imidazole derivative. DAAQ showed high selectivity for benzaldehyde and there was no 

significant interference from aliphatic endogenous biological aldehydes. Based on this 

finding, a well optimized and validated FIA-FL method was developed for the assay of 

human serum SSAO activity employing a highly selective subzero-temperature LLE 

procedure. Serum SSAO activity was expressed as benzaldehyde (nmol) formed per mL 

serum per hour. The excellent validation results together with the high sensitivity and 

high sample throughput (27 samples/h) make the proposed method an excellent choice 

for determination of serum SSAO activity. The proposed method was applied to monitor 

the difference in SSAO activities in the sera of healthy and diabetic human subjects. A 

significant increase in serum SSAO activity was detected in case of diabetic patients 

relative to healthy human subjects.  
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Reactive aldehydes are produced due to oxidative stress in many diseased 

conditions and they are involved in the complications and progression of many diseases 

such as diabetes mellitus, rheumatoid arthritis and cardiac disorders. Hence, some 

aldehydes have been used as biomarkers of oxidative stress and diseases progression. 

Therefore, the development of highly sensitive, selective and simple analytical methods 

for aldehydes quantification in human samples is very important. Determination of 

aldehydes in biological fluids is considered very challenging due to their high polarity, 

lack of chromophores, poor chromatographic behavior, as well as difficulty of their 

extraction from biological matrices. In our laboratory, we started to develop new 

analytical methods for determination of different aldehydes in biological fluids 54,55,61,65. 

In this thesis, we went on with this aim to develop novel, highly sensitive, simple and 

selective analytical methods for determination of aldehydes in serum of healthy and 

diseased human subjects hopefully to detect the differences in their levels in different 

diseases and to predict their pattern in correlation with diseased conditions. 

          Firstly, we used 2,2ʹ-furil  as a selective and sensitive fluorogenic derivatizing agent 

for the determination of four LPRRAs (GO, ACR, MDA and HNE) in human serum by 

HPLC-FL method. Selection of these target analytes is based on their high reactivity and 

ability to initiate endogenous damages and harmful effects. The developed method 

enabled selective quantification of the levels of the four LPRRAs in serum of healthy 

subjects, diabetic and rheumatic patients. We conducted a comparison study of the levels 

of the four aldehydes in healthy and diseased human subjects, and we found that the levels 

of the four LPRRAs are elevated in diabetic and rheumatic arthritis patients compared to 

healthy control group. Additionally, we found that the levels of GO and ACR in diabetic 
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patients are higher than their levels in rheumatic ones, while the levels of MDA and HNE 

are higher in rheumatic patients than in diabetic ones.   

          In the second stage of this research, we developed an ultra-sensitive LC/ESI-

MS/MS method for screening and quantification of a series of n-alkanals (C3-C10) in 

human serum. The method is based on the reaction of the α,β-diketo reagent PQ with the 

target aldehydes in the presence of ammonium acetate forming imidazole derivatives. The 

PQ-aldehydes derivatives were detected by ESI+-MS/MS using the transition  

m/z [M+H]+  m/z 231.9. The developed method was applied for the quantification of 

the analytes (C3-C10) in human serum using a simple salting out LLE method. The 

prominent ultra-sensitivity and simplicity of the developed method made it superior to 

the reported methods for these aldehydes. 

          The interesting characteristics of PQ-aldehydes derivatives at MS/MS detector 

(including high sensitivity, simple and clear product ion spectra) as well as the simplicity 

of the reaction motivated us to initiate the next step of this study. In this part, we 

developed the first ICD LC/ESI-MS/MS for the simultaneous determination of two highly 

reactive 4-hydroxy-2-alkenals, HNE and HHE, in human serum. The method is based on 

the reaction of PQ with HNE and HHE in the presence of 14N/15N ammonium acetate as 

ICD reagent followed by LC/ESI+-MS/MS with detection at the transitions  

m/z [M+H]+
 m/z 231.3 and m/z [M+2+H]+

 m/z 233.3 for 14N and 15N-labeled 

analytes, respectively. The use of 14N/15N ammonium acetate as ICD reagent is very 

beneficial since it is cheap and commercially available. The high sensitivity and 

selectivity of the developed method enabled its application for the determination of HHE 

and HNE in human serum employing an expedient salting out LLE method. We applied 

the developed method to compare the levels of HHE and HNE in serum of healthy 
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subjects, diabetic, rheumatic and cardiac disorders patients. We found that the levels of 

the two aldehydes are significantly higher in all diseased conditions relative to healthy 

control. While, no significant difference exists between the levels of both aldehydes in 

diabetic compared to rheumatic and cardiac disorders patients. On the other hand, the 

level of HNE in cardiac disorders patients was significantly higher than its level in 

rheumatic arthritis patients, and there was no significant difference in level of HHE in 

both types of patients. The developed method is the first method to simultaneously 

determine HHE and HNE in human serum, so we believe that it will be very helpful for 

researchers to investigate their concomitant roles in the onset and progression of different 

diseases. 

          Finally, in the last step of this research we developed a highly simple, rapid and 

sensitive FIA method for the determination of serum SSAO activity. The method is based 

on incubation of serum with benzylamine as an exogenous SSAO substrate. The produced 

benzaldehyde was extracted by subzero-temperature LLE. Then, the benzaldehyde 

produced by the SSAO activity is online derivatized with the novel aromatic aldehyde-

specific reagent DAAQ followed by FL detection. The developed method is very rapid 

allowing the processing of 27 samples per h. The method was applied to compare the 

activity of serum SSAO in healthy and diabetic human subjects and we found that the 

serum SSAO activity was significantly higher in the diabetic patients than in the healthy 

group. The developed FIA method is superior to the published methods in terms of 

sensitivity, accuracy and rapidness.  

          The four developed analytical methods were based on condensation reaction of 

aldehydes with either α,β-diketo compound in the presence of ammonium acetate or α,β-
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diamino compound forming imidazole derivatives with interesting fluorescence and/or 

ionization properties. 

The developed analytical methods offered a promising approach for analysis of 

clinically significant aldehydes at trace and ultra-trace levels in healthy and diseased 

conditions (diabetic, rheumatic and cardiac disorders patients). They enabled detection of 

alteration in the levels of target analytes at these different clinical conditions. The 

developed methods would be useful for elucidation of the patterns of aldehydes levels 

and the patterns of activity of the aldehyde-producing enzyme, SSAO, at different clinical 

conditions. If these methods are applied to a great number of biofluids, they would help 

in the discovery of new diseases’ biomarkers and more understanding of diseases 

development, individual biochemical response to the diseases, and mechanistic 

relationship of aldehydes and diseases progression. 
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