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DETERMINATION OF DYNORPHINS AND TNF- α BY LC-MS/MS IN 

BIOLOGICAL SAMPLES: APPLICABLE TO STUDYING INFLAMMATORY 

MECHANISMS 

KARTHIK CHANDU 

ABSTRACT 

Dynorphins are endogenous opioid peptides that have been implicated as initiators 

of immune and inflammatory response through upregulation of inflammatory cytokine and 

chemokine production, as well having a role in glutamate-induced neuro-inflammation and 

neurotoxicity. Being extremely potent peptides, the physiologic concentrations of 

dynorphins are very low ranging from 0.16 pg/mL during the absence of a stimulus to 23.5 

pg/mL when stimulated in disease condition. Previously published HPLC-mass 

spectrometry techniques have insufficient detection capabilities for quantification and 

detection of dynorphins. As a result, immunoassay quantification has been the most utilized 

technique for analysis of dynorphins in physiologic samples. Although being sensitive, 

immunoassays have some inherent drawbacks of being complex multi-step process taking 

a long time to complete, challenge with reproducibility due to the non-specific binding 

interactions and the requirement of high sample volume. My dissertation focused on 

developing a sensitive LC-MS/MS technique to overcome such challenges in the analysis. 

A sensitive and robust LC-MS/MS assay has been developed and validated in the present 

work which can quantify the dynorphins below their low physiologic concentrations in 

mouse serum. To achieve this level of sensitivity, the intact peptide was digested using a 

novel metalloendopeptidase called Lys-N. This digestion process produced fragments 

which are extremely sensitive to detection by mass spectrometer and very specific to 
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dynorphin B. Sensitivity achieved by this method is 800 times more than previously 

published HPLC-mass spectrometry techniques. 
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CHAPTER I 

INTRODUCTION 

1. Background 

Dynorphins are classified as endogenous opioid peptides [1–3] which bind 

preferentially to the k-opioid receptors [2] and are formed from the 26 KDa precursor 

protein prodynorphin [4,5]. Prodynorphin is found in gut, posterior pituitary, and brain [6–

9]. Immunoreactivity experiments in a hamster showed its presence in the hippocampal 

formation, lateral septum, bed nucleus of the stria terminalis, smedial preoptic area, medial 

and central amygdaloid nuclei, ventral pallidum, substantia nigra, and numerous 

hypothalamic nuclei [10]. All the bioactive peptides that are formed are the C-terminal 

extensions of [Leu]enkephalin peptide sequence [11,12].  

The endoproteolytic processing of prodynorphin is carried out by two primary 

protease pathways. The two pathways are cathepsin L cysteine protease in secretory 

vesicles and proprotein convertase 2 (PC2) proteases. This proteolysis of prodynorphin 

releases dynorphin A, dynorphin B, α-neoendorphin, β-neoendorphin [4,5,12–14] and 

leumorphin (dynorphin B 1-29) [2,15] with the amino acid sequence [16,17] of each given 

in Table 1.  The seventeen amino acid peptide, DYN-A(1–17) is further digested by these 
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peptidases resulting in structurally related peptides such as DYN-A (1–13), DYN-A(1–8) 

and Leu-enkephalin [2,6,18,19]. More details concerning the degradation of dynorphins 

are given in Section 1.3.1. The fragment dynorphin A-(1–13) is crucial for its potency [20].  

The first four amino acid residues in the structure constitute the message region, and the 

amino acids from 5–13 are responsible for the potency and specificity for the k-opioid 

receptors [21]. 

Table I: Dynorphin peptides and their amino acid sequence 

Peptide Sequence 

Dynorphin A YGGFLRRIRPKLKWDNQ 

Dynorphin B YGGFLRRQFKVVT 

α-neoendorphin YGGFLRKYPK 

β-neoendorphin YGGFLRKYP 

Leumorphin YGGFLRRQFKVVTRSQEDPNAYSGELFDA 

 

1.1. Physiologic effects of dynorphins 

Dynorphins play a regulatory role in numerous functional pathways. They play a 

significant role in the regulation of the immune/inflammatory system and are known to 

activate immune system functions that are associated with innate immunity [22,23]. 

Dynorphins are ligands  for k-opioid receptors and the expression of these receptors is very 

well regulated in the immune system [24–29]. In addition, they can influence the 

upregulation and release of monocytes/macrophages [30–32], polymorphonuclear 

leukocytes [33], and as well as proinflammatory cytokines [34–36]. Dynorphins also act 
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by the stimulating the production of oxygen free radicles [33], cause neuronal cell death 

by excitotoxic mechanisms altering glutamate levels, increase ion (K+, Ca+2 and Mg+2) 

permeability of ion channels [37–41] and activate NMDA receptors [37,42–44]. 

1.2. Cytokine/chemokine release in response to dynorphins 

Activation of NMDA receptors triggers a series of inflammatory interactions 

beginning with the activation of NF-kB [36,45,46], followed by an upregulation  in the 

expression of proinflammatory cytokines such as TNF-α and IL-6 [32,47], which causes 

an  upregulation in the expression of  chemokines such as MCP-1/CCL2 [47–49] and 

proliferation of phagocytic leukocytes and lymphocytes [47,50]. Since dynorphins have 

the ability to affect the  activation of the NMDA receptors, they are capable of starting the 

complete process of inflammatory interactions that lead to an increase in the production of 

proinflammatory cytokines, chemokines, and superoxides [32,51,52]. 

1.2.1. Other effects 

Dynorphins are endogenous neuroactive opioid peptides that are known to play a 

role in a variety of physiological processes such as the regulation of pain [53–57], 

temperature [58], motor activity [59,60], the cardiovascular system [61,62], respiration, 

feeding behavior [63,64], hormonal balance, and responses to shock and stress [65]. The 

“non-opioid” effects of dynorphins also include neurological dysfunction, cytotoxicity, 

secondary tissue damage, paralysis, neural inflammation, and a potentiation of NMDA 

receptor sensitivity to glutamate leading to neuropathic hypersensitivity that is often 

associated with chronic peripheral tissue inflammation [37,42,57,59].  

Dynorphins also act by stimulating the production of oxygen-based free radicals 

[33], causing  neuronal cell death by excitotoxic mechanisms that include alterations in  
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glutamate levels, and increases in ion (K+, Ca+2 and Na+) conductance’s [37,66] by way 

of interactions at NMDA receptors [37,42,44]. A comprehensive review has been 

published [67]. 

1.3. Dynorphins in physiologic samples 

1.3.1. Degradation process 

As previously mentioned, the proteolysis of the precursor molecule prodynorphin 

releases dynorphin A, dynorphin B, α-neoendorphin, β-neoendorphin and leumorphin 

(dynorphin B 1-29)[2,15]. Among the dynorphins, dynorphin-B, as well as dynorphin-A 

(1-17) are relatively less susceptible to proteases [68] in normal physiological conditions. 

There are multiple kinds of peptidases that metabolize the dynorphin peptides. A few of 

the major peptidases involved are aminopeptidases [69], angiotensin-converting enzyme 

(ACE), insulin degrading enzyme [70], serine peptidases [71], dipeptidyl peptidase III and 

IV (DPP III, DPP IV) [72], which act to either convert a parent peptide sequence into an 

active form or to inactivate a physiologically active peptide [73,74].  

Dynorphin A (1-17) has been shown to undergo very slow biotransformation and 

the products formed depend on the site at which it is released. It has been shown that rat 

brain, human and rhesus monkey blood show common product peptides after its 

metabolism [75]. During the initial 30 minutes, dynorphin A metabolized to dynorphin A 

(2-17) , dynorphin A (3-17), dynorphin A (4-17), dynorphin A (5-17), dynorphin A (1-6), 

dynorphin A (7-17), dynorphin A (8-17), and dynorphin A (9-17). After a prolonged 

incubation time of 1 to 4 hours, it metabolized to dynorphin A (3-17), dynorphin A (4-17), 

and dynorphin A (5-17) [76–78]. 
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Dynorphin A (1-13) has a very fast biotransformation rate, with the initial sequence 

metabolizing in 0.5-1 minute. A 30 min incubation period produced products such as 

dynorphin A (1-12), dynorphin A (4-12), dynorphin A (3-12), dynorphin A (2-12), 

dynorphin A (1-6), dynorphin A (5-11), and dynorphin A (5-12) [73,78].  

1.3.2. Physiological concentrations  

Being extremely potent, dynorphins are present in a very low concentrations in 

normal physiologic samples. Its concentration increases only in response to certain 

physiological stimuli. The concentrations of dynorphins varies with the type, location of 

the peptides and condition of the body (normal or stressed). The concentration of 

dynorphin-B in human serum can range from 0.16 pg/mL during the absence of a 

physiological stimulus to 23.5 pg/mL when stimulated by disease processes [32,33,79]. As 

these are very potent peptides, the increase in the physiological concentration when 

provoked, is relatively still low.  

The concentrations of different dynorphins vary in different locations in the body.  

DYN-A(1–13) is capable of stimulating the production of cytokines such as TNF-α and 

IL-6 at a concentration of 0.16 pg/mL [32] and mediates the chemotaxis of macrophages 

at concentrations as low as 0.16 pg/mL, with peak effects observed at concentrations of 

16.0 pg/mL to 16.0 ng/mL [31]. A concentration of 25.0 pmol/g was found in the substantia 

nigra and hypothalamus, whereas the other parts of the human post-mortem brain such as 

amygdala, hippocampus, periaqueductal grey, colliculi, pons, medulla and area postrema 

showed a relatively lower concentration [2]. 
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1.4. Quantification techniques 

1.4.1. Non-spectroscopic techniques 

Immunoassay quantitation is the most utilized technique for determination of 

dynorphins at physiologic concentrations [34]. Immunoassays have been used extensively 

to analyze dynorphins for many years. Immunoassays use an antibody coated surface 

(usually a microplate or a microsphere) which is specific to the dynorphin of interest to 

capture the peptide and then another antibody specific to another site on the peptide  called 

a reporter molecule is used to quantify the peptide present by comparing to a reference 

standard curve.  

Though immunoassays have been used in the past, they have a few drawbacks [80] 

such as: 

1. It is a complex multi-step process based on a biological reaction between an antibody 

an antigen. Such reactions have an inherent issue of a lack of reproducibility due to 

non-specific binding, lot to lot variability in the antibody plates/microspheres used. 

These drawbacks lead to false positive and inconsistent results. 

2. As the process involves multiple steps, the analysis takes a very long time to complete. 

3. Due to the use of specific antibodies, it is not possible to differentiate and analyze 

multiple species of dynorphins at the same time. 

Having such drawbacks warrants the requirement for a method which can not only 

overcome the challenges but also enhance the effectiveness and quality of analysis. 
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1.4.2. Mass spectrometry in the analysis of dynorphins 

LC-MS as a tool for the analysis of dynorphins. LC-MS has an advantage when 

compared to immunoassays [80–82] due the fact that they are 

1. Very robust and highly reproducible. 

2. Extremely sensitive and precise 

3. Requires very little sample for analysis 

4. The process is majorly automated, thus reduces the possibility of human  errors and 

can analyze multiple samples in a short period of time. 

5. Multiple analytes can be differentiated and quantified at the same time 

Being automated, LC-MS when coupled with informatic tools, has the capability to 

run and analyze multiple samples in minutes. 

1.4.3. Current mass spectrometry technique to analyze dynorphins 

Although in the past, LC-MS/MS, MALDI-IMS (imaging mass spectroscopy) and 

MALDI-TOF methods were developed and afforded the advantage of providing the 

simultaneous determination of individual dynorphins [83–87], none of these methods were 

established to quantify the very low physiological concentrations of dynorphins. The 

current project is focused on the development of a very sensitive LC-MS/MS method for 

the separation and quantification of all the dynorphins, α-neoendorphin and cytokines.  
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CHAPTER II 

OVERVIEW OF LC-MS TECHNIQUES FOR QUANTIFYING PROTEINS AND 

PEPTIDES 

2.1. Introduction to mass spectrometry for biomolecules 

A mass spectrometer has three major components: an ion source (ionization of the 

analytes), mass analyzer (filters the ions based on mass-to-charge ratio) and a detector 

(produces signal that can be recorded). There are many different types of mass analyzers 

such as quadrupole, ion trap, time of flight and Fourier transform (ion cyclotron and 

orbitrap), and orbitrap. The choice of mass analyzer depends on the mass of the analyte, 

required resolving power, compatibility with desired ion source and desired limit of 

detection. The pros and cons of a few commonly used different mass analyzers are shown 

in Table II. 

Mass spectrometry-based proteomics has an important technique for the qualitative 

and quantitative analysis of proteins and peptides in the field of bio-analysis. 

Over the past decade, the technique has been developed with a major focus on the 

technological aspects of mass spectrometers to allow the quantification of proteins and 

peptides with the required accuracy, selectivity, and sensitivity [88]. This technique is now 
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being utilized at almost every stage of bio-molecule analysis starting from formulation 

development, stability studies, structural characterization (amino acid sequence, molecular 

weight, post-translational modifications and modification sites) and quality control.  

Due to their large molecular weights, biomolecules such as proteins and peptides 

usually require high mass range and high-resolution instruments with MS/MS capabilities 

such as a quadrupole time-of-flight (Q-ToF) instrument or a more advanced hybrid orbitrap 

MS system.  MS/MS is a process in the mass spectrometry which is used to obtain structural 

information for the proteins and peptides of interest. A wide range of fragmentation 

techniques such as collision-induced dissociation (CID), higher-energy collision 

dissociation (HCD), electron capture dissociation (ECD) and electron transfer dissociation 

(ETD) are used for MS/MS experiments. Collision-induced dissociation (CID) is the most 

used technique, with the fragmentation pattern of peptide bonds in proteins and peptides 

shown in Figure 1. 

 
Figure 1: Fragmentation patterns from CID producing b ions and y ions 
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Table II: Pros and cons of commonly used mass analyzers [89–93] 

  

S.No. Mass 
analyzer Pros and cons 

1 Quadrupole 

Pros : 
• Rugged, Reliable, and Sensitive 
• Less maintenance 
• Very rapid scan rate 
Cons : 
• Small mass range (not very suitable for large protein 

analysis) 
• Low resolution 

2 Time of flight 

Pros: 
• Highest mass range (Ideal for intact protein analysis) 
• Very fast scan speed 
• Excellent mass accuracy and high resolution 
• Improved dynamic range for quantification (newer 

instruments) 
• Capable of SWATH analysis (data-independent 

acquisition strategy that provides a very comprehensive 
quantitative analysis) 

Cons: 
• Difficulty of adaption to electrospray; High maintenance 

3 Ion trap 

Pros : 
• Simple design – Low cost; Small size; Well suited for 

tandem MS; Easy for positive/negative ions 
Cons : 
• Limited mass range – not as much a problem with 

current innovations  
• Medium resolution 

5 Orbitrap 

Pros: 
• High mass range (Ideal for intact protein analysis) 
• Fast scan speed 
• Excellent mass accuracy and high resolution 
• Capable of data-independent acquisition  
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Mass spectrometers are often coupled with a variety of chromatographic 

techniques.  Chromatography techniques such as reversed phase and HILIC are compatible 

with mass spectrometry, whereas hydrophobic interaction (HIC), ion exchange (IEX), and 

size exclusion (SEC) chromatography are not directly compatible due to the use of salts 

that are not volatile. 

2.2. Types of protein analysis 

Proteins and peptides can be analyzed by mass spectrometry either in the intact 

form or as digested protein or peptides. Based on the type of analysis and the form of the 

proteins being analyzed, the workflow can be categorized as intact/ top-down, middle-up, 

middle-down, bottom-up.  

Top down or intact protein mass spectrometry analysis gives information about the 

whole protein in its primary confirmation. This approach has the potential to cover the 

entire protein sequence and fully characterize proteoforms, protein forms resulting from 

genetic variations and post-translational modifications [94–96]. 

Bottom-up proteomic analysis involves the introduction of peptides generated by 

enzymatic cleavage of proteins into the mass spectrometer. The original protein is 

identified by comparing MS/MS spectra of the peptides generated with the hypothetical 

peptide MS/MS spectra generated based on the amino acid sequences of proteins in a 

protein sequence database [96,97]. 
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Middle-down analysis is an emerging approach, which has the potential for 

successful applications to proteomics. This approach involves the analysis of peptides 

obtained by proteolysis or chemical degradation of the intact proteins. The size of the 

analyzed peptides in middle down approach is greater when compared to the peptides in 

bottom-up approach. This approach results in a relatively lesser number of peptides after 

proteolytic cleavage in comparison to bottom-up approach leading to a less complicated 

sample. Longer peptides not only have an advantage of being more unique but also achieve 

an enhanced sequence coverage of the protein which would allow the detection of more 

PTMs and proteoforms when compared to the bottom-up approach [96]. 

Each technique has its own advantages and disadvantages in terms of structural 

information provided, sequence coverage, sample consumption, and ease of analysis.  

Often full protein characterizations will be carried out using multiple methods due to their 

complimentary nature. A brief overview of the different methods is shown in Figure 2.

 

Figure 2: Type of analysis and form of protein analyzed 
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2.3. Sensitivity considerations for using digesting enzymes 

Bottom up proteomics approach (use of surrogate peptide) has become the most 

used strategy for mass-spectrometry-based protein quantification. The surrogate peptide 

approach has gained popularity due to the compatibility of the small molecular weight 

peptides to highly sensitive and specific triple quadrupole mass spectrometers [98,99] 

2.4. Types of enzymes used in peptide and protein digestion 

Proteolysis is carried out by a group of enzymes called proteases or peptidase, that 

hydrolyze proteins into constituent peptides. Based on the site of action on the protein, 

proteases are generally classified as exopeptidases, which target the terminal ends, or as 

endopeptidases, which target internal peptide bonds. However, proteases are also classified 

based on their structure and mechanism of action into six major types: aspartic, glutamic, 

metalloproteases, cysteine, serine, and threonine proteases. A large number of proteases 

have been identified and reported. The Degradome Database lists 569 human proteases as 

shown in Table III [100–104]. 
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Table III: Types and number of proteases 

S.No. Type of protease Number 

1 Metalloproteases 194 

2 Serine proteases 176 

3 Cysteine proteases 150 

4 Threonine proteases 28 

5 Aspartic proteases 21 

Proteases and peptidases have a wide range of industrial, biotechnological and 

research applications. Applications include: proteolytic digestion of proteins in proteomics 

studies, peptide synthesis, nucleic acid purification by digesting unwanted proteins, cell 

culture experiments, exploration of the structure-activity relationships of proteins and 

peptides and peptide sequencing [105–107].  

Enzymatic digestion of the intact proteins is one of the major applications of 

proteases in proteomics workflow prior to mass spectrometry analysis. Different proteases 

can be used for the process of digestion based on the requirement of the analysis. A list of 

few commonly used  proteases/peptidases is listed in Table IV [106,108]. 
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Table IV : List of few commonly used proteases along with their cleavage sites 

S.No. Protease/peptidase Cleavage site 

Aspartic 

1 Pepsin Phe (or Tyr, Leu, Trp)↓Trp (or Phe, Tyr, Leu) 

Metalloproteases 

5 Lys N ↓Lys 

6 Asp-N ↓Asp 

Cysteine 

7 Arg-C Arg↓ 

Serine 

9 Trypsin Arg or Lys↓ 

10 Chymotrypsin Trp (or Phe, Leu, Tyr)↓ 

11 Glu-C Glu (or Asp)↓ 

12 Lys-C Lys↓ 
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The serine protease trypsin is the most widely used enzyme to generate smaller 

peptides [108,109]. Other proteases such as chymotrypsin, Lys C, Lys N, Asp N, Arg C, 

and Glu C are also used in addition to trypsin in order to improve the structural 

identification of proteins [110,111]. The use of proteases/peptidases produces peptides 

which have a size appropriate for ionization and further detection by mass spectrometry 

[112]. 

2.5. Factors affecting the mass spectrometry signal intensity in peptide determination  

Sample size and complexity are challenges in mass spectrometry. This can be 

overcome by careful and target centric sample preparation and increased efficiency of 

processing. Improving efficiency is important as sample losses during processing can have 

a huge impact on the sensitivity of the assay. This becomes even more important when 

processing complex biological matrices due to the extremely low concentrations of analyte.  

2.5.1. Instrumentation 

Multiple techniques have been developed for the analysis of different kinds of 

analytes (Table II). The type of instrument to be used for the analysis is decided based on 

the structure and properties of the analyte. Achievement of lower limits of detection for 

less abundant intact proteins in a biological sample has been realized from technological 

advances in mass spectrometer instrumentation. For analysis of intact proteins, a 

technology such as Fourier Transform Ion Cyclotron Resonance (FT-ICR) provides 

excellent mass resolution and accuracy, however it lacks the sensitivity required for low 

level detection of proteins [113]. The advent of orbitrap mass spectrometry improved the 

ability to detect proteins at low levels [114]. Triple quadrupole (QQQ) mass spectrometers 
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have a very high sensitivity  in the determination of steroids compared to time of flight 

(TOF) and quadrupole time of flight (QTOF) mass spectrometers [115]. However, QQQ-

MS has a lower mass range which is only suitable for low molecular weight proteins and 

peptide analysis.  

2.5.2. Sample preparation 

When dealing with protein bioanalysis, sensitivity is one of the major challenges in 

MS-based assays. All biological matrices have a high abundance of endogenous 

compounds. These endogenous compounds interfere with the analysis of a protein of 

interest either by contributing to the background noise or by causing severe ion 

suppression. This causes a significant reduction in the detection and quantification 

sensitivity of an assay. An effective sample preparation process that can isolate the protein 

of interest by reducing the complexity of the sample matrix is thus one of the most 

important steps in the development of an assay. Many sample preparation techniques have 

been developed and applied to assay development. One or a combination of different 

techniques have been applied based on the type of analysis and instruments to be used.  

a. Protein precipitation 

One of the simplest and widely used sample preparation process is protein 

precipitation which utilizes water soluble organic solvents such as acetonitrile or methanol 

to precipitate out large proteins [116,117]. Apart from being simple, this technique has 

advantages like the ability to remove unwanted proteins from biomatrices prior to LCMS 

analysis. This process can be used for either extracting organic soluble proteins/peptides 

[118,119] that are retained in the supernatant or by reconstituting the large proteins which 

precipitate after addition of an organic phase [119–121].  
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b. Acidified protein precipitation 

This is a modified protein precipitation which is effective to remove high abundant 

proteins, thereby obtaining a cleaner sample and enhancing the recovery of low abundant 

proteins [122,123]. Acid-assisted protein precipitation method can efficiently remove 

albumin which is one of the most abundant proteins, thus making the sample more 

amenable for analysis of low abundant proteins and peptides [122]. 

c. Solid-phase extraction (SPE) 

This technique has been used more widely in bottom-up proteomics to extract 

peptides after the digestion step [119,124,125]. Solid-phase extraction is available in 

multiple formats such as ion-exchange, reverse phase and mixed mode, selected based on 

the characteristics of the protein/peptide to be extracted. This method has proven effective 

in removing most large proteins resulting in a relatively cleaner sample to work with. 

Reversed-phase SPE is used for salt removal; ion-exchange SPE is useful for separation of 

small proteins and peptides and a mixed mode SPE format has specifically been used in 

the purification of digested peptides in a matrix [119,125–127]. 

d. Immunocapture 

Sample clean up and extraction of the target peptide from the matrix is one of the 

major challenges in a sample preparation process. Highly efficient purification and 

enrichment of the target protein can be achieved using this technique, resulting in an  

improved detection limit (pg/mL) [128] of the assay [129,130]. Such efficiency makes this 

the method of choice specially when working with very low abundant proteins and peptides 

which require a sensitive LCMS assay with low limits of quantification. Stable-isotope 

standards with capture by anti-peptide antibodies (SISCAPA) technique is one of the 
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examples of immunocapture that is widely used in bottom-up proteomics to capture a 

specific surrogate peptide in digested samples [129,130]. 

e. Selective peptide derivatization 

This is a useful technique for qualitative and relative protein quantitative analysis 

especially when specific immunocapture antibodies are not available for the 

protein/peptide of interest. Selective surrogate peptides of the protein of interest are 

derivatized, resulting in a change in the physicochemical properties of the specific target 

peptides leaving the other peptides in the background underivatized. This change will result 

in improved separation during extraction and chromatography, and thus enhances 

sensitivity of LCMS analysis [131]. 

f. Mobile phase additives 

Addition of low percentages (~5%) of dimethyl sulfoxide (DMSO) to mobile phase 

has been employed for increased electrospray sensitivity. An increase in electrospray 

efficiency and charge state reduction is due in part to the high proton affinity of DMSO in 

the gas phase [132–134]. 

g. Fractionation and separation 

A complex biological matrix can be simplified by fractionating the proteins into 

different groups based on their physical and chemical properties. This technique will 

reduce the background interference and improve the sensitivity of the assay. A variety of 

different methods are employed based on the properties of the target analyte that needs to 

be analyzed. Fractionation of proteins can be designed to separate groups of proteins 

according to their size, hydrophobicity, charge, isoelectric point, or affinity as shown in 

Table V [135,136].  
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Table V : Fractionation methods and dependent physical or chemical property 

S.No. Fractionation method Physical/ chemical property 

1 Ultracentrifugation Density 

2 Size-exclusion chromatography Stoke’s radius 

3 Isoelectric focusing Isoelectric point 

4 Hydrophobic interaction chromatography Hydrophobicity 

5 Reversed-phase chromatography Hydrophobicity 

6 Ion-exchange chromatography Charge 

7 Affinity chromatography Specific biomolecular interaction 

8 Gel electrophoresis Stoke’s radius 
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CHAPTER III 

QUANTIFICATION OF DYNORPHINS BY LC-MS: RESULTS AND 
DISCUSSION 

3.1. Analytical background:  

Dynorphins are peptides which are present in a very low concentration ranging 

from 0.16 pg/mL to 23.5 pg/mL in serum [32,33,79]. As these are very potent peptides, the 

increase in the physiological concentration when stimulated, is relatively low. 

Immunoassay quantitation is the most utilized technique for determination of dynorphins 

at physiologic concentrations [34]. Although in the past, LC-MS/MS, MALDI-IMS 

(imaging mass spectroscopy) and MALDI-TOF methods were developed and afforded the 

advantage of providing the simultaneous determination of individual dynorphins [83–86], 

none of these methods were established to quantify the very low physiological 

concentrations of dynorphins. In this present work, we developed an LC-MS/MS technique 

using a non-conventional peptidase for the sensitive quantification of dynorphin A, 

dynorphin B and alpha-neoendorphin.  
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3.2  Experimental  

3.2.1 Chemicals 

Dynorphin A (source; Item No. 18169) and dynorphin B (source; Item No. 18178) 

were from Cayman Chemicals (Ann Arbor, MI, USA), alpha-neoendorphin from 

NeoScientific (Woburn, MA, USA) and Lys-N endopeptidase from Seikagaku Corporation 

(Tokyo, Japan). NSA mouse serum from Innovative research, Ammonium bicarbonate 

(99% analytical grade) was from Sigma-Aldrich (Milwaukee, WI, USA), while dimethyl 

sulfoxide (DMSO) (HPLC grade) and LCMS grade acetonitrile were from Fisher Scientific 

(Hampton, NH, USA). Deionized water was from a Nanopore Diamond water purification 

system from Thermo Scientific (city, state, USA).  (missing source of human and mouse 

serum). 

3.2.2 Instrumentation 

A Shimadzu Nexera UHPLC system (Columbia, MD, USA) with two LC-30 AD 

pumps, a Prominence DUG-20A3R degasser, a SIL-30 AC autosampler, a CTO-10AVP 

column oven and a CBM 20A controller interfaced with an SCIEX 5500 QTRAP mass 

spectrometer source (Framingham, MA, USA). with an electrospray ionization probe and 

a syringe pump was used. Instrument operation, acquisition and processing data was 

performed using SCIEX Analyst software. 
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3.2.3 Liquid chromatography 

             A gradient separation technique at room  temperature was utilized to separate 

dynorphin A, dynorphin B and alpha neoendorphin on a Luna Omega Polar C18 100 A LC 

Column (50 x 1 mm, 1.6 μm) from Phenomenex (Torrance, CA, USA) with 0.1% formic 

acid in water as mobile phase A and 0.1% formic acid in acetonitrile as mobile phase B, 

pumped at a flow rate of 0.20 mL/min. For each analysis, 10 μL of sample was injected 

into the system by autosampler set at 10°C. The 17 min gradient run was: 0 % B  for 0.5 

min, step change to 13.5% B at 0.51 min, holding at 13.5 % B for 8 min, linear gradient to 

14% B in 1.5 min, linear gradient to 16% in 2 min, holding 16% B for 3 min and linear 

gradient to 18% B in 2 min. After the run, the column was washed for 4 min with 80% B 

and then re-equilibrated with 100% A for 10 min. 

 3.2.4 Tandem mass spectrometry 

A positive electrospray ionization (ESI) mode was used for the mass spectrometric 

analysis of dynorphin A, dynorphin B and alpha-neoendorphin. A syringe infusion pump 

at 10 μL/min of Lys-N-digested peptides (10 pg/μL) in 0.1% formic acid and 15% 

acetonitrile in water was introduced into HPLC effluent of the same composition resulting 

in a combined flow rate of 0.2 mL/min, in order to optimize mass spectrometer parameters 

at the HPLC flow rates used. Source parameters for highest  signal intensity were as 

follows: curtain gas 30 psi; ion spray voltage 4500 V; ion spray temperature 400°C; ion 

source gases (1 and 2) 35 psi; declustering potential 35 V; entrance potential 8 V; collision 

energy 40 eV and cell exit potential 10 eV. 

  



 
24 

 
 

3.2.5 Preparation of stock and working peptide standards 

Stock solution of the three peptides (dynorphin A, dynorphin B and alpha-

neoendorphin) were prepared by dissolving the peptide in appropriate volume of 100 % 

DMSO to obtain concentrations of 1 mg/mL. A volume of 20 uL of the stock solution was 

aliquoted into 50 vials and stored at -20°C. The working standard solutions of dynorphin 

A and dynorphin B (1.25, 2.5, 5, 12.5, 25, 250 pg/mL) were prepared from the stock 

solution by serial dilution with 0.1% formic acid and 2% acetonitrile in water. A stock 

solution of alpha-neoendorphin was also serially diluted to 50, 75, 100, 125, 250 and 500 

pg/mL with 0.1% formic acid and 2% acetonitrile in water. These working standards were 

then diluted with appropriate volume of pooled mouse serum to prepare the calibrators and 

quality controls (QCs), as detailed below.  

3.2.6 Preparation of serum calibrators and quality control 

Calibrators of dynorphin A and dynorphin B (0.125, 0.25, 0.5, 1.25, 2.5, 25 pg/mL) 

were prepared as described below. A volume of 20 µL each of working standard solution 

(1.25, 2.5, 5, 12.5, 25, 250 pg/mL) of the peptides was spiked into 180 µL of pooled mouse 

serum. QCs for dynorphin A (0.375, 12.5 and 20 pg/mL) were prepared by spiking 20 uL 

of 3.75 pg/mL, 125 pg/mL, and 200 pg/mL standard solution into 180 µL of pooled mouse 

serum. QCs for dynorphin B were prepared in two batches, first batch of QCs (0.25, 2.5 

and 25 pg/mL) were prepared by spiking required concentrations of working standard 

solution into pooled mouse serum, which was utilized for assessing al validation 

parameters except matrix effect. The second batch of QCs (0.375, 12.5 and 20 pg/mL) were 

prepared in six different lots of mouse serum by spiking 20 uL of 3.75 pg/mL, 125 pg/mL, 
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and 200 pg/mL standard solution into 180 µL of mouse serum. Calibrators for alpha-

neoendorphin (5, 7.5, 10, 12.5, 25, 50 pg/mL) were prepared by spiking 20 µL each of 

working standard solution (50, 75, 100, 125, 250 and 500 pg/mL pg/mL) of the peptides 

into 180 µL of pooled mouse serum. QCs for alpha-neoendorphin (10, 25 and 40 pg/mL) 

were prepared  by diluting 20 uL of 100 pg/mL, 250 pg/mL, and 400 pg/mL standard 

solution with 180 µL of pooled mouse serum. Zero calibrator (blank solution) was prepared 

by spiking 20 μL of 2% acetonitrile into 180 μL of pooled mouse serum (n=2). These 

solutions were further treated as follows to extract the peptides to prepare the final 

calibrators and QCs. A volume of 900 μL of 2 % formic acid in ice-cold acetone was added 

to 40 μL of spiked mouse serum and shaken at 4°C for 1 h, followed by centrifugation at 

17000 g for 15 min at 4°C. The precipitate was separated and 200μL of 70% acetonitrile 

(ACN) containing 12 mM HCl was added to the precipitate and mixed at 4°C for 1 h, then 

centrifuged at 17000 g for 15 min at 4°C. Low molecular weight proteins and peptides 

were extracted into the supernatant, which was then transferred into a separate vial. The 

supernatant was then concentrated using a Centrivap cold trap from Labconco and 

reconstituted with 40 uL of 0.1% formic acid and 2% acetonitrile in water. 

3.2.7 Digestion of the extracted peptide 

A Lys-N endopeptidase stock solution was prepared by dissolving the peptidase in 

appropriate volume of water to make a 0.1 mg/mL solution. The working solution (500 

ng/mL) was prepared by diluting the stock solution with water and stored at -200C. 

Digestion buffer (50 mM solution of ammonium bicarbonate and 5 % dimethyl sulfoxide 

in water) was freshly prepared before every digestion cycle. 
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Extracted peptide was digested by adding 20 μL of the working Lys-N peptidase 

solution and 60 μL of digestion buffer to 40 μL of prepared peptide solution (section 3.2.5). 

This mixture was stirred and incubated at 300C for 12 hours.  

3.2.8 Method validation: 

The method thus optimized was validated in mouse serum for accuracy, precision, 

selectivity, lower limit of quantification, matrix effect, recovery and stability to determine 

its compliance with the limits mentioned in FDA guidelines for bio analytical method 

validation. 

3.2.8.1    Calibration:  

The calibration curves were established by plotting the peak area ratios of 

dynorphin A (y) versus the spiked concentrations (x) of the calibration standards for each 

of the six calibrators. The slope and correlation coefficient of the calibration curve were 

calculated linear least squares regression.  

3.2.9     Precision, accuracy and absolute extraction recovery: 

Intra-assay (within a day) and inter-assay (3 days) precision and accuracy studies 

were conducted using the three QC standards (n = 3). Accuracy was determined by 

comparing the concentrations experimentally determined to the concentration of the 

prepared QCs.  

A mean percent recovery was calculated to assess the effect of extraction process on 

the recovery of the analytes by comparing the experimentally determined peak areas of the 

peptides post extraction, using pre-extraction spiked QCs standards in serum, with the peak 

areas of the QC standards spiked into neat solution.   
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3.2.10     Selectivity, matrix effect and LLOQ: 

Six blank serum replicates and six LLOQ serum standards at 0.125 pg/mL were 

prepared from six different individual lots of mouse serum to evaluate the matrix 

interference and LLOQ.  

A matrix factor was calculated to assess the effect of serum components on 

dynorphin A, dynorphin B and alpha-neoendorphin. Three QC concentrations were 

prepared by post extraction addition of  the peptides to six individual lots of mouse serum 

as directed in sections 3.2.5. and 3.2.6. The peak area of the QCs spiked post extraction 

into serum was compared to the peak area of the QCs in the neat solution.   

3.2.11      Stability studies: 

Stability studies (n = 3) were done using two different QC concentrations for each of  

the three dynorphins which were kept at or exposed to the following storage regimens. 

Dynorphin A: 12 h at room temperature, 6 h and 12 h at autosampler temperature. 

Dynorphin B: 3 h and 40 h at room temperature, 6 h and 12 h at autosampler temperature 

and 60-day stability at -200C. Alpha-neoendorphin: 48 h at room temperature and 6 h and 

12 h at autosampler temperature. The stability results of these QC standards were compared 

with theoretical values.  

3.3 Results  

3.3.1 Results for intact dynorphins 

Experiments were done on a Halo Peptide 2 ES-C18 column (50 x 2.1 mm, 2 μm) 

(Advanced Material Technology, Chadds Ford, PA, USA), using a mobile phase A of 0.1% 

formic acid and 10% acetonitrile in water and a mobile phase B of 0.1% formic acid and 
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90% acetonitrile in a gradient specified below, at a flow rate of 0.40 mL/min. The 15 min 

gradient run was: 0 % B  for 5 min, linear gradient to 90% in 10 min. the column was then 

washed for 5 min with 90% B. After the run, the column was re-equilibrated with 100% A 

for 10 min. Source parameters for highest  signal intensity were as follows: curtain gas 20 

psi; ion spray voltage 5200 V; ion spray temperature 400°C; ion source gases (1 and 2) 35 

psi; declustering potential 40 V; entrance potential 5 V; collision energy 60 eV and cell 

exit potential 15 eV. 

Results are given below categorized for each dynorphin.  

3.3.1.1  Mass spectrum results for intact dynorphin A 

The theoretical mass to charge rations (m/z) were calculated using the amino acid 

sequence of dynorphin A and the expected m/z values are shown in Table VI. Three of 

these ions are seen in the infusion full spectrum mass spectrum given in Figure 3: m/z of 

716.8 (+3), 537.8 (+4) and 430.5 (+5).   

Table VI : Expected m/z of intact dynorphin A 

Possible dynorphin ions from ESI 
Charge state m/z 

+1 2148.5 
+2 1074.7 
+3 716.8 
+4 537.8 
+5 430.5 
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Figure 3 : Full spectrum scan of intact dynorphin A showing the relative intensities of 
detected m/z at an infusion rate of 10 μL/minute at 10 pg/μL in 15% ACN was infused. 

 The MS/MS spectra of the parent ions 716.8 (+3), 537.8 (+4) and 430.5 (+5) are 

shown in Figures 4, 5 and 6 respectively. A syringe infusion pump at 10 μL/min of intact 

peptides (10 pg/μL) in 0.1% formic acid and 15% acetonitrile in water was introduced, in 

order to optimize mass spectrometer parameters. Source parameters for highest  signal 

intensity were as follows: curtain gas 30 psi; ion spray voltage 3500 V; ion spray 

temperature 300°C; ion source gases (1 and 2) 30 psi; declustering potential 35 V; entrance 

potential 10 V; collision energy 40 eV and cell exit potential 15 eV. 
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Figure 4 : MS/MS of 430.5 m/z of intact dynorphin A  

 

 

Figure 5 : MS/MS of 537.8 m/z of intact dynorphin A  
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Figure 6 : MS/MS of 716.8 m/z of intact dynorphin A  

3.3.1.2  Mass spectrum results for intact alpha-neoendorphin 

Preliminary experiments include a full spectrum scan (MS 1 scan) and a MS2 scan 

for the most intense m/z of the infused intact peptide. The theoretical mass to charge rations 

(m/z) were calculated using the amino acid sequence of the peptide and the expected m/z 

values are shown in Table VII.  

The resulting MS/MS spectrum of m/z 410.5 and 615.2 are shown in Figure 7 and 

Figure 8 respectively. A syringe infusion pump at 10 μL/min of intact peptides (10 pg/μL) 

in 0.1% formic acid and 15% acetonitrile in water was introduced, in order to optimize 

mass spectrometer parameters. Source parameters for highest  signal intensity were as 

follows: curtain gas 40 psi; ion spray voltage 5000 V; ion spray temperature 300°C; ion 

source gases 1 and 2 are 15 and 25 psi respectively; declustering potential 28 V; entrance 

potential 50 V; collision energy 450 eV and cell exit potential 20 eV. 
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Table VII : Theoretical m/z values for alpha neoendorphin 

Possible alpha neoendorphin ions from ESI 
Charge state m/z 

+1 1229.4 
+2 615.2 
+3 410.5 

 

 

Figure 7 : MS/MS spectrum of 410.5 m/z of intact alpha-neoendorphin  

 

Figure 8 : MS/MS spectrum of 615.2 m/z of intact alpha-neoendorphin  
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3.3.1.3  LC-MS/MS results of intact dynorphin A and alpha-neoendorphin 

Based on the results from the infusion experiments, the combination of the parent 

and fragment ions (MRM pair) which gave the highest intensity was selected for both 

dynorphin A and alpha-neoendorphin and are given in Table VIII. 

Table VIII : MRM pair for dynorphin A and alpha-neoendorphin 

Peptide Q1 m/z Q3 m/z 

dynorphin A 537.8 136 

α-neoendorphin 410 91 
 

LC-MS/MS analysis was performed on a Halo peptide C18 column using the 

optimized MRM pairs to determine the lower limit of detection (LLOD) and lower limit of 

quantification (LLOQ) of dynorphin A and alpha-neoendorphin. Chromatograms showing 

the LLOD of both the peptides is given in Figure 9. The LLOD and LLOQ were found to 

be 270 pg/mL and 540 pg/mL for dynorphin A and 120 pg/mL and 250  pg/mL for alpha 

neoendorphin as given in Table IX. 
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Figure 9 : LLOD of dynorphin A and alpha-neoendorphin 

Table IX : LLOD and LLOQ of dynorphin A and alpha neoendorphin 

Peptide LLOD 
pg/mL 

LLOQ 
pg/mL 

Physiologic 
Conc 

pg/mL 

Dynorphin A 270 540 
0.16 to 23.5 

α-
neoendorphin 120 250 

 LLOD: Lower limit of detection 
LLOQ: Lower limit of quantification 
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3.3.1.4 LC-MS/MS conditions: 

Concerning the chromatography, extensive studies employing different gradients 

on two C18 columns were done to optimize the chromatography of dynorphin A and alpha-

neoendorphin, however without success in completely resolving the two peptides. Polar 

end capped C18  columns such as Aquasil C18 (Thermoscientific, Swedesboro, NJ) (50x1 

mm, 3um) was one of the column used and the gradient for chromatography started with 

0% mobile phase B for the initial 3 minutes, increased to 15.5 % in 0.5 minutes and then 

to 20 % in 6.5 minutes with a gradient time of 20 minutes in total. A 15-minute wash and 

equilibration cycle were added after the 20-minute gradient. The overlap of the peptide 

peaks is shown in Figure 10 for the polar end capped Aquasil C18 column.   

 
Figure 10 : Co-elution of dynorphin A (mrm pair: 537.8 – 136; 10 pg/μL) and alpha-

neoendorphin (mrm pair: 410 – 91; 10 g/μL ) in the LC-MS/MS using an Aquasil C18 
column. Injection volume was 20 μL 
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3.3.1.5.     Discussion of results of intact dynorphins 

The results from these experiments gave insight in how the intact peptides respond 

to mass spectrometry analysis. The following is concluded: 

a. The intact dynorphins were not sensitive to mass spectrometry analysis to determine at 

physiologic concentrations 

b. Low physiologic concentrations increase the probability of loss of the peptides during 

the sample preparation process due to nonspecific binding to high abundant proteins in 

the biological matrix and the walls of the consumables leading to a loss of peptide 

significantly impacting recovery and reproducibility at such low concentrations. 

c. The peptides, co-eluted and thus optimization of chromatography is needed to not only 

separate the peptides but also improve sensitivity. 

3.3.1.6 Addressing the limitations of intact dynorphin MS analysis 

 Below is a discussion on what modifications were incorporated in the  LC-

MS/MS technique to achieve specific and sensitive quantification of dynorphins at 

physiologic concentrations.  

a. Peptide digestion 

Digesting a protein/peptide at specific locations of the polypeptide chain based on 

the proteolytic enzyme specificity. Trypsin is the most used protease in mass spectrometric 

analysis of peptides and proteins. It cleaves the protein or peptide at the C-terminal side of 

lysine and arginine amino acid residues. If a proline residue is on the carboxyl side of the 

cleavage site, the cleavage will not occur. In case of dynorphins, use of trypsin results in 
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very small peptide fragments which is problematic in MRM techniques in terms of 

specificity. Fragments that have a longer sequence are more specific for the parent 

protein/peptide in MRM analysis . Trypsin cleavage sites in dynorphin B are shown in 

Figure 11. 

 

Figure 11 : Trypsin cleavage sites on dynorphin B 

To overcome the challenge of generating small nonspecific peptide fragments in 

trypsin digestion of dynorphins, a novel peptidase called Lys N was used which cleaves 

the peptides/proteins at the N-terminus of lysine, unless lysine is adjacent to a proline. The 

expected post digestion peptide fragments of dynorphin A, dynorphin B and alpha-

neoendorphin are as shown in Table X. It is noted in Table X that not only are the parent 

ions different for these three peptides, but also the daughter ions are different, which yields 

further specificity to the MRM technique.  Lys-N cleavage site in dynorphin B is shown in 

Figure 12, showing the generation of 9 amino acid peptide. 
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Figure 12 : Lys-N cleavage sites on dynorphin B 

Table X : Expected post digestion peptide fragments of dynorphin A, dynorphin B and 
alpha neoendorphin 

Peptide Sequence and cleavage sites Generated peptides 

Dynorphin A  
YGGFLRRIRPKL  KWDNQ 

YGGFLRRIRPKL 

KWDNQ 

Dynorphin B  
YGGFLRRQF  KVVT 

YGGFLRRQF 

KVVT 

α-neoendorphin  
YGGFLR  KYPK YGGFLR 

KYPK 

 

b. Use of a column with smaller internal diameter 

  The in-peak concentration of an analyte is dependent on multiple factors such as 

injection volume, length and internal diameter of the column and retention factor. As 

shown in the Equation 1 , Cmax increases four-fold when the internal diameter is reduced to 

half of the original. Based on this, the 2.1 mm internal diameter column used for the initial 

study was changed to a 1 mm internal diameter column. 
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 𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚 ∝
√𝑁𝑁𝑉𝑉𝑖𝑖

𝐿𝐿𝑑𝑑𝑐𝑐2(1+𝑘𝑘)
     (Equation 1) 

 

Cmax : in-peak concentration   

N : number of plates 

Vi : injection volume  

L : length of the column 

dc : diameterk: retention factor 

c. Use of mixed phase column 

The reversed phase column that was used for preliminary experiments was replaced 

with a polar end-capped reversed-phase column [Luna Omega Polar C18 100 A LC column 

(50 x 1 mm, 1.6 μm)] and a multi-step and extended time gradient was developed in place 

of a steeper linear gradient which resulted in a baseline of the three dynorphins, as given 

in the results. 

3.3.2  Results for LC-MS/MS of Lys-N digested dynorphins 

3.3.2.1 Digestion and chromatographic separation of dynorphins results 

Experimental results of digestion performed on the three peptides showed a deviation in 

the expected cleavage pattern for dynorphin A, as shown in Table XI, with the 

experimentally determined m/z values given in Table XII. 

Table XI : Observed cleavage sites and generated peptides for dynorphin A 

Peptide Sequence and cleavage sites Generated peptides 

Dynorphin A YGGFLRRIRP  KL  WDNQ 
YGGFLRRIRP 

KL 
KWDNQ 
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Table XII : Amino acid sequence, charge states and molecular weights of the digested peptide fragments  

(red highlighted chosen for analysis) 

Peptide Amino acid 
sequence Charge state m/z 

Dynorphin A 

YGGFLRRIRP +3, +2, +1 
+3 +2 +1 

412.5 618.2 1234.5 

KL +1 259.3 

KWDNQ +1 689.7 

Dynorphin B 
YGGFLRRQF +2, +1 

+2 +1 

572.5 1143.5 

KVVT +1 446.5 

Alpha-Neoendorphin 

YGGFLR +1 712.0 

KYPK +2, +1 
+2 +1 

268.83 535.66 
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The separation of peptides dynorphin A, dynorphin B and alpha neoendorphin on a 

Luna Omega Polar C18 100 A LC column is shown in Figure 14. 

 

Figure 13 : Separation of the three peptides dynorphin A YGGFLRRIRP fragment  
(m/z 412 →136), dynorphin B YGGFLRRQF fragment (m/z 572.5 →136.1)  and 
alpha-neoendorphin YGGFLR fragment (m/z 712 →278) on a Luna Omega Polar 

C18 100 A LC column (25 μg/mL; Injection volume: 20 μL) 
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3.3.2.2  Dynorphin A results 

3.3.2.2.1 Liquid chromatogram of dynorphin A  

Dynorphin A is a 17 amino acid peptide with five basic amino acids. It forms three 

fragment peptides after digestion and the retention time of the digested peptide fragment 

with 10 amino acids (quantifier) is 9.1 minutes (Figure 15). 

 
Figure 14 : Chromatogram showing the retention time of dynorphin A YGGFLRRIRP 

fragment  (m/z 412 →136) on a Luna Omega Polar C18 100 A LC column 
(concentration: 2.5 μg/mL; Injection volume: 20 μL ) 
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3.3.2.2.2 Mass spectrometric detection of dynorphin A 

Multiple reaction monitoring (MRM) mode was used for the quantification and 

specificity of dynorphin A. The selected precursor-product ion pairs for dynorphin A were 

m/z 412 →136. The mass spectrum of the digested dynorphin A peptide and the ms/ms 

spectrum of m/z 412 are shown in Figures 16 and 17 respectively. 

 
Figure 15 : Infusion mass spectrum of the Lys-N digested fragments of intact dynorphin 

A  

 

Figure 16 : MS/MS of the daughter ions of digested YGGFLRRIRP fragment of intact 
dynorphin A  
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3.3.2.2.3 Method validation of dynorphin A 

a. Calibration plot of dynorphin A 

Dynorphin A calibration plot of peak areas of the calibrators versus concentration 

of the intact dynorphin brought through the entire sample preparation steps given in 

Sections 3.26 and 3.27 using 6 non-zero serum calibrators as shown in Figure 18. The 

concentrations of the calibrators are 0.125, 0.25, 0.5, 1.25, 12.5 and 25 pg/mL. 

  
Figure 17 : Calibration plot of intact dynorphin A  as measured by the YGGFLRRIRP 

fragment  (m/z 412 →136) in three trials (n=3) 

d. Lower limit of quantification of dynorphin A 

The lower limit of quantitation (LLOQ) was determined as the concentration of 

dynorphin A of the lowest calibrator which falls in %CV of 20%. The reproducibility of 

six replicates in two batches on two separate days of the 0.125 pg/mL calibrator  was 

determined  to be a percent coefficient of variance (%CV) of 14% and percent mean 

relative error was 2% as given in table XIII. The mean peak area of the LLOQ from all the 

y = 2975.2x + 6396.3
R² = 0.9979
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replicate analysis was 7.44E+03. The chromatogram for the lowest calibrator concentration 

is shown in Figure 19. 

 

 
Figure 18 : Chromatogram showing the retention time of dynorphin A YGGFLRRIRP 

fragment  (m/z 412 →136) at the lowest calibrator concentration 

Table XIII : Six replicates of 0.125 pg/mL calibrator in 6 lots of mouse serum 

 R 1 R 2 R 3 R 4 R 5 R 6 Mean SD3 
Precision 

(% CV)4 

MC1 

(pg/mL) 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.0 14 

Accuracy 

(% RE)2 17 3.1 -16 -9.5 9.8 -16 -2.0   

MC1: Measured concentration 
% RE2: Percent relative error 
SD3: Standard deviation 
% CV4: Percent coefficient of variance 
R : Replicate 
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e. Selectivity of dynorphin A 

The selectivity of this method was assessed by any interferents observed at the 

retention times and mass transitions of dynorphin A in six individual blank mouse serum 

samples. No interferent peak was detected at the same retention time (9.1 minutes) and 

mass transitions as that of dynorphin A as illustrated by the representative chromatograms 

of a blank serum in Figure 20.  

 

 
Figure 19 : Chromatogram of the blank serum with MRM set for m/z 412 →136 

f. Recovery and matrix effect of dynorphin A 

The summarized recovery data of dynorphin A (Table XIV) at three different QC 

concentrations and LLOQ in pooled mouse serum indicated that the recovery was 

consistent and within the permissible limits of variability.  
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Table XIV : Percent recovery and % variance in four concentrations in pooled mouse 
serum  

Prepared 
Concentration (MPR ± SD)3 %CV2 

0.125 89.4 ± 0.94 13.8 

0.375 89.8 ± 0.66 11.4 

12.5 85.6 ± 2.63 5.79 

25 89.9 ± 1.79 4.28 

CV2: Coefficient of variance (Standard deviation (SD)/Mean calculated concentration) 
(MPR ± SD)3: Mean percent recovery ± Standard deviation 

The mean matrix factor of dynorphin A across all lots and concentrations was 0.87 

± 0.01. The matrix factor (MF) at three QC concentrations from six different lots of mouse 

serum is summarized in Table XV. 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 (𝑀𝑀𝑀𝑀) =
Peak area post extraction spiked serum samples

peak area of the spiked neat solution 
 

  

Equation 1 
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Table XV : Matrix factor (MF) in three concentrations from six different lots of mouse 
serum 

Serum Nominal Concentration 
(pg/mL) MF ± SD 

Lot 1 

0.375 0.84 ± 0.11 

12.50 0.88 ± 0.05 

20.00 0.89 ± 0.04 

Lot 2 

0.375 1.1 ± 0.11 

12.50 0.87 ± 0.05 

20.00 0.89 ± 0.04 

Lot 3 

0.375 0.85 ± 0.11 

12.50 0.84 ± 0.05 

20.00 0.91 ± 0.04 

Lot 4 

0.375 0.86 ± 0.11 

12.50 0.86 ± 0.05 

20.00 0.92 ± 0.04 

Lot 5 

0.375 0.85 ± 0.11 

12.50 0.91 ± 0.05 

20.00 0.95 ± 0.04 

Lot 6 

0.375 1.1 ± 0.11 

12.50 0.80 ± 0.05 

20.00 0.80 ± 0.04 

(ME ± SD)1: Matrix Effect ± Standard deviation 
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g. Accuracy and precision of dynorphin A 

The data for intra-day accuracy and precision were presented in Table XVI and 

inter-day accuracy and precision are presented in Table XVII. Intra-day accuracy and 

precision were assessed by three individual replicates of four concentrations on same day 

while inter-day accuracy and precision were assessed by three replicates of four 

concentrations on three separate days.  

Table XVI : Intra-day accuracy and precision for four concentrations with three 
replicates on the same day(n=6) 

Intra-day accuracy and precision 
Nominal 

Concentration (pg/ml) 
Mean Calculated 

Concentration (pg/ml) SD1 Precision 
(% CV)2 

Accuracy 
(% RE)3 

0.125 0.13 0.02 12.24 -3.14 

0.375 0.40 0.02 4.03 -7.98 

12.5 11.81 0.52 4.42 5.53 

20 20.49 0.48 2.34 -2.44 
CV2: Coefficient of variance (Standard deviation (SD)/Mean calculated concentration) 
% RE3: Percent relative error 
n: calibrators used in calibration plot) 
Table XVII : Inter-day accuracy and precision for four concentrations on three different 

days (n=6) 

Inter-day accuracy and precision 
Nominal 

Concentration (pg/ml) 
Mean Calculated 

Concentration (pg/ml) SD1 Precision 
(% CV)2 

Accuracy 
(% RE)3 

0.125 -0.13 0.01 -10.17 6.29 

0.375 -0.39 0.02 -4.00 4.60 

12.5 -11.64 0.72 -6.19 -6.85 

20 -20.10 0.70 -3.48 0.49 
CV2: Coefficient of variance (Standard deviation (SD)/Mean calculated concentration) 
% RE3: Percent relative error 
n: calibrators used in calibration plot) 
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h. Stability study of dynorphin A 

Stability of the QCs of dynorphin A were assessed by analyzing 1 replicate each at 

two different temperatures (RT:   ̴220C and 100C) and the data is summarized in the Table 

XVIII. Based on the data, dynorphin A is stable for at least 12 hours at benchtop working 

temperature of  ̴40C (samples always placed in ice when working on the benchtop), 

autosampler temperature of 10 0C. This data shows that there is a significant loss of the 

analyte at room temperature, however the loss is not very significant at any of the working 

temperatures (  ̴40C - 10 0C).  

Table XVIII : Stability of dynorphin A at 2 temperatures (  ̴22 0C, 100C) 

Stability at room temperature (  ̴22 0C) 

 Room temperature Percent Variance 

Time PA of the 
lowest QC 

PA of the 
highest QC Lowest QC Highest QC 

0 Hours 8.96E+03 7.31E+04   

12 hours 7.72E+03 5.83E+04 -13.88 -20.22 

Stability at 10 0C 

 Autosampler Percent Variance 

Time PA of the 
lowest QC 

PA of the 
highest QC Lowest QC Highest QC 

0 Hours 9.09E+03 7.63E+04   

6 hours 9.00E+03 7.60E+04 -0.99 -0.39 

12 hours 8.87E+03 7.16E+04 -2.42 -6.16 
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3.3.2.3  Dynorphin B results 

3.3.2.3.1 Liquid chromatogram of dynorphin B 

Dynorphin B is a 13 amino acid peptide with 3 basic amino acids. Two peptide 

fragments are formed after digestion and the retention time of the digested peptide fragment 

with 9 amino acids (quantifier) is 10.7 minutes (Figure 21). 

 
Figure 20 : Chromatogram showing the retention time of dynorphin B YGGFLRRQF 

fragment (m/z 572.5 →136.1) at the lowest calibrator concentration on a Luna Omega 
Polar C18 100 A LC column (Injection volume: 20 μL ) 
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3.3.2.3.2 Mass spectrometric detection of dynorphin B 

Multiple reaction monitoring (MRM) mode was used for the quantification and 

specificity of dynorphin B. The selected precursor-product ion pairs for dynorphin B were 

m/z 572.5 →136.1. Representative mass spectrum of dynorphin B showing m/z of digested 

fragment YGGFLRRQF on the top and the ms/ms spectrum of the daughter ion 572.5 on 

the bottom in Figure 22. 

 

 

Figure 21 : Infusion mass spectra of dynorphin B showing m/z of Lys-N digested 
fragment YGGFLRRQF of dynorphin B on the top and the daughter ion of 572.5 on the 

bottom  
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3.3.2.3.3 Method validation of dynorphin B 

a. Calibration curve of dynorphin B 

Dynorphin A calibration plot of peak areas of the calibrators versus concentration 

of the intact dynorphin brought through the entire sample preparation steps given in 

Sections 3.26 and 3.27 using 6 non-zero serum calibrators as shown in Figure 23. The 

concentrations of the calibrators are 0.125, 0.25, 0.5, 1.25, 12.5 and 25 pg/mL 

 
Figure 22 : Calibration plot of intact dynorphin B as measured by the YGGFLRRQF 

fragment (m/z 572.5 →136.1) in three trials (n=3) 
b. Lower limit of quantification of dynorphin B 

The lower limit of quantitation (LLOQ) was determined as the concentration of 

dynorphin A of the lowest calibrator which falls in %CV of 20%. The reproducibility of 

six replicates in two batches on two separate days of the 0.125 pg/mL calibrator  was 

determined  to be a percent coefficient of variance (%CV) of 9.2 % and percent mean 

relative error was 1.7 % as given in table XIX. The mean peak area of the LLOQ from all 
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the replicate analysis was 3.26E+04. The chromatogram for the lowest calibrator 

concentration is shown in Figure 24. 

Table XIX : Six replicates of 0.125 pg/mL calibrator in 6 lots of mouse serum 

 R 1 R 2 R 3 R 4 R 5 R 6 Mean SD3 
Precision 

(% CV)4 

MC1 

(pg/mL) 
0.14 0.12 0.14 0.12 0.12 0.12 0.13 0.012 9.2 

Accurac

y (% 

RE)2 

-12 6.8 -12 0.81 5.9 4.2 -1.7   

 

 

 

 

c.  Selectivity of dynorphin B 

The selectivity of this method was assessed by any interferents observed at the 

retention times and mass transitions of dynorphin B in five individual blank mouse serum 

matrices. A tiny endogenous interferent peak was detected at the same retention time (10.7 

minutes) and mass transitions as that of dynorphin B as illustrated by the representative 

chromatograms of the blank serum (Figure 25). The mean peak area of the endogenous 

interferent from five different individual blank serum injections was found to be 7.3 % of 

the mean peak area of dynorphin B at the LLOQ (table XX), which was lower than the 

20% limit set by US Food and Drug Administration. The chromatogram representing the 

LLOQ is shown in Figure 24. 

MC1: Measured concentration 
% RE2: Percent relative error 
SD3: Standard deviation 
% CV4: Percent coefficient of variance 
R : Replicate 
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Table XX : Selectivity and Lower limit of quantification 

Sample Name Mean Peak Area 
(counts) Ratio Percent 

LLOQ1_1 3.26E+04 14  

Blank 2.36E+03  7.3 

LLOQ1: Lower limit of quantification 

 
Figure 23 : Chromatogram showing the retention time of Lys-N digested fragment 

dynorphin B YGGFLRRQF fragment (m/z 572.5 →136.1) at the lower limit of 
quantification 

 
Figure 24 : Chromatogram showing the small interferant peak retention time of Lys-N 

digested fragment dynorphin B YGGFLRRQF fragment (m/z 572.5 →136.1 
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d. Recovery and matrix effect of dynorphin B 

 The summarized recovery data of dynorphin B as shown in Table XXI at three 

different QC concentrations and LLOQ in pooled mouse serum indicated that the recovery 

was consistent and within the permissible limits of variability. 

Table XXI : Percent recovery and % variance in four concentrations from six 
different replicates of pooled mouse serum 

Nominal 
Concentration (MPR ± SD)3 %CV2 

0.125 91 ± 2.7 2.7 

0.5 93 ± 0 0 

1.25 101 ± 3.5 3.5 

25 85 ± 6.2 6.2 

CV2: Coefficient of variance (Standard deviation (SD)/Mean calculated concentration) 
(MPR ± SD)3: Mean percent recovery ± Standard deviation 

The mean matrix factor of dynorphin B across all lots and concentrations was 

1.01±0.11. It can thus be inferred from the data that there was a signal enhancement effect 

which may be due the presence of an interferant peak at the retention time (10.7 minutes) 

of dynorphin B. The matrix factor (MF) at three QC concentrations from six different lots 

of mouse serum is summarized in Table XXII. 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 (𝑀𝑀𝑀𝑀) =
Peak area post extraction spiked serum samples

peak area of the spiked neat solution 
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Table XXII : Matrix factor (MF) in three concentrations from six different lots of 
mouse serum 

Serum Nominal 
Concentration MF ± SD 

Lot 1 

0.125 1.07 ± 0.13 

2.5 1.05 ± 0.13 

25 1.01 ± 0.01 

Lot 2 

0.125 1.01 ± 0.13 

2.5 1.12 ± 0.13 

25 1.01 ± 0.01 

Lot 3 

0.125 1.18 ± 0.13 

2.5 1.04 ± 0.13 

25 1.01 ± 0.01 

Lot 4 

0.125 0.97 ± 0.13 

2.5 0.88 ± 0.13 

25 1.0 ± 0.01 

Lot 5 

0.125 0.89 ± 0.13 

2.5 0.83 ± 0.13 

25 0.99 ± 0.01 

Lot 6 

0.125 0.87 ± 0.13 

2.5 0.83 ± 0.13 

25 0.98 ± 0.01 

(ME ± SD)1: Matrix Effect ± Standard deviation 
e. Accuracy and precision of dynorphin B 

Intraday accuracy and precision were assessed by three replicates of four 

concentrations on same day as summarized in table XXIII while inter-day accuracy and 

precision were assessed by three replicates of four concentrations on three separate days as 

summarized in table XXIV.  
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Table XXIII : Intra-day accuracy and precision for four concentrations with three 
replicates on the same day(n=6) 

Intraday accuracy and precision 

Nominal 
Concentration (pg/ml) 

Mean Calculated 
Concentration (pg/ml) SD1 Precision 

(% CV)2 
Accuracy 
(% RE)3 

0.125 0.13 0.01 10.8 -6.93 

0.5 0.57 0.01 1.52 -14.0 

2.5 2.52 0.07 2.65 -0.67 

25 24.6 0.69 2.82 1.60 
CV2: Coefficient of variance (Standard deviation (SD)/Mean calculated concentration) 
% RE3: Percent relative error  
n: calibrators used in calibration plot) 
 

Table XXIV : Inter-day accuracy and precision for four concentrations with three 
replicates on three different days (n=6) 

Inter-day accuracy and precision 

Nominal 
Concentration (pg/ml) 

Mean Calculated 
Concentration (pg/ml) SD1 Precision 

(% CV)2 
Accuracy 
(% RE)3 

0.125 0.13 0.00 2.40 -1.73 

0.5 0.53 0.02 3.15 -6.63 

2.5 2.49 0.01 0.23 0.33 

25 24.4 0.85 3.49 2.47 
CV2: Coefficient of variance (Standard deviation (SD)/Mean calculated concentration) 
% RE3: Percent relative error 
n: calibrators used in calibration plot) 
f. Stability study of dynorphin B 

Stability of the QCs of dynorphin B were assessed by analyzing 1 replicate each at 

three different temperatures (220C, 100C, -20 0C) and the data is summarized in the Table 

XXV. Based on the data, dynorphin B is stable for at least 12 hours at benchtop working 

temperature of   ̴40C (samples always placed in ice when working on the benchtop), 

autosampler temperature of 10 0C and for 60 days at the storage temperature of -20 0C. 
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This data shows that there is a significant loss of the analyte at room temperature, however 

the loss is not very significant at any of the working temperatures (  ̴40C - 10 0C). The data 

for the stability of dynorphin B is summarized in table XXV. 

Table XXV : Stability of dynorphin B at three temperatures (  ̴22 0C, 100C, -200C) 

Stability at room temperature (  ̴22 0C) 

  Room temperature  Percent Recovery (loss of 
analyte) 

Time PA of the 
lowest QC 

PA of the 
highest QC Lowest QC Highest QC 

0 hours 7.09E+03 1.61E+05     

3 hours 4.29E+03 1.36E+05 39.49 15.53 

40 hours 2.09E+03 6.67E+03 70.52 95.86 

Stability at 10 0C 

 Autosampler Percent Variability (loss of 
analyte) 

Time PA of the 
lowest QC 

PA of the 
highest QC Lowest QC Highest QC 

0 hours 1.53E+03 1.19E+04     

6 hours 1.41E+03 1.13E+04 7.84 5.04 

12 hours 1.35E+03 1.14E+04 4.26 0.88 

Long term stability (-20 0C) 

  Calculated Concentrations Percent Variability (loss of 
analyte) 

Time Lowest QC Highest QC Lowest QC Highest QC 

0 hours 0.129 23.2 
10.08 7.33 

60 days 0.142 21.5 

PA: Peak area 
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3.3.2.4  Alpha-neoendorphin results 

3.3.2.4.1  Liquid chromatogram of alpha-neoendorphin 

Alpha neoendorphin is a ten amino acid peptide with three basic amino acids. Two 

peptide fragments are formed after digestion and the retention time of the digested peptide 

fragment with six amino acids (quantifier) is 7.8 minutes as shown in Figure 26. 

 

Figure 25 : Chromatogram showing the retention time of Lys-N digested alpha-
neoendorphin fragment YGGFLR (m/z 712 →278) at the highest calibrator 

concentration on a Luna Omega Polar C18 100 A LC column, Injection volume: 20 μL 
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3.3.2.4.2 Mass spectrometric detection alpha-neoendorphin 

Multiple reaction monitoring (MRM) mode was used for the quantification and 

specificity of alpha neoendorphin. The selected precursor-product ion pairs for alpha 

neoendorphin were m/z 712 →278. The infusion mass spectrum of the Lys-N digested 

alpha-neoendorphin peptide (YGGFLR) and the ms/ms spectrum of m/z 712 are shown in 

Figure 27 and figure 28 respectively. 

 

Figure 26 : Infusion mass spectra of the Lys-N digested fragments of intact alpha-
neoendorphin (YGGFLR: m/z 712) 
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Figure 27 : MS/MS spectrum of the daughter ions of digested YGGFLR (m/z 712) 
fragment of intact alpha-neoendorphin 

3.3.2.4.3 Method validation of alpha-neoendorphin 

a. Calibration plot of alpha-neoendorphin 

Alpha-neoendorphin calibration plot of peak areas of the calibrators versus 

concentration of the intact alpha-neoendorphin brought through the entire sample 

preparation steps given in Sections 3.26 and 3.27 using 6 non-zero serum calibrators as 

shown in Figure 29. The concentrations of the calibrators are 5, 7.5, 10, 12, 25 and 50 

pg/mL. 
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Figure 28 : Calibration plot of intact alpha-neoendorphin  as measured by the YGGFLR 
(m/z 712 →278) in three trials (n=3) 

b. Lower limit of quantification of alpha-neoendorphin of alpha-neoendorphin 

The lower limit of quantitation (LLOQ) was determined as the concentration of alpha-

neoendorphin at the lowest calibrator (5 pg/mL) which falls in %CV of 20%. The 

reproducibility of six replicates in two batches on two separate days of the 5 pg/mL 

calibrator  was determined  to be a percent coefficient of variance (%CV) and percent mean 

relative error was 13% as given in table XXVI. The chromatogram for the lowest calibrator 

concentration is shown in Figure 30. 
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Figure 29 : Chromatogram showing the retention time of alpha neoendorphin digested 
fragment YGGFLR (m/z 712 →278) at the lower limit of quantification 

Table XXVI: Six replicates of 0.125 pg/mL calibrator in 6 lots of mouse serum 

 R 1 R 2 R 3 R 4 R 5 R 6 Mean SD3 
Precision 

(% CV)4 

MC1 

(pg/mL) 
5.7 5.7 4.4 4.5 5.8 5.9 -5.3 0.69 -13 

Accuracy 

(% RE)2 
13 14 -11 -10 18 18 13   

7.8

-100

0

100

200

300

400

500

600

0 2 4 6 8 10 12 14 16

MC1: Measured concentration 
% RE2: Percent relative error 
SD3: Standard deviation 
% CV4: Percent coefficient of variance 
R : Replicate 



 
65 

 
 

c.  Selectivity of alpha-neoendorphin of alpha-neoendorphin 

The selectivity of this method was assessed by any interferents observed at the 

retention times (7.8 minutes) and mass transitions of alpha-neoendorphin in six individual 

blank mouse serum samples. No interferent peak was detected at the same retention time 

(7.8 minutes) and mass transitions as that of alpha-neoendorphin A as illustrated by the 

representative chromatograms of a blank serum in Figure 31.  

 

Figure 30 : Chromatogram of the blank serum showing no interferent peak when 
analyzed for Lys-N digested fragment YGGFLR of intact alpha-neoendorphin analyzed 

for mrm of 712 →278 
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i. Recovery and matrix effect of alpha-neoendorphin 

The summarized recovery data of alpha-neoendorphin (Table XXVII) at three 

different QC concentrations and LLOQ in pooled mouse serum indicated that the recovery 

was consistent and within the permissible limits of variability. 

Table XXVII : Percent recovery and % variance in four concentrations in pooled mouse 
serum 

Nominal 
Concentration 

(pg/mL) 
(MPR ± SD)3 %CV2 

40 86.9 ± 0.62 0.01 

10 86.7 ±  0.80 0.01 

5 82.5 ±  2.62 0.03 

CV2: Coefficient of variance (Standard deviation (SD)/Mean calculated concentration) 

(MPR ± SD)3: Mean percent recovery ± Standard deviation 

The mean matrix factor of dynorphin A across all lots and concentrations was 0.84 

± 0.41. The matrix factor (MF) at three QC concentrations from six different lots of mouse 

serum is summarized in Table XXVIII. 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 (𝑀𝑀𝑀𝑀) =
Peak area post extraction spiked serum samples

peak area of the spiked neat solution 
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Table XXVIII : Matrix factor (MF) in three concentrations from six different lots of 
mouse serum  

Serum Nominal Concentration 
(pg/mL) MF ± SD 

Lot 1 

40 0.87 ± 0.15 

25 0.88 ± 0.08 

10 0.87 ± 0.29 

Lot 2 

40 0.88 ± 0.15 

25 0.97 ± 0.08 

10 0.87 ± 0.29 

Lot 3 

40 0.99 ± 0.15 

25 0.89 ± 0.08 

10 1.35 ± 0.29 

Lot 4 

40 0.92 ± 0.15 

25 0.99 ± 0.08 

10 1.11 ± 0.29 

Lot 5 

40 1.19 ± 0.15 

25 0.81 ± 0.08 

10 1.55 ± 0.29 

Lot 6 

40 1.20 ± 0.15 

25 0.81 ± 0.08 

10 1.42 ± 0.29 

(ME ± SD)1: Matrix Effect ± Standard deviation 
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j. Accuracy and precision of alpha-neoendorphin 

The accuracy and precision of the method was evaluated by analyzing replicates of 

QCs in pooled mouse serum at 5, 10, 25 and 40 pg/mL on the same day (intra-assay) and 

3 separate days (inter-assay). The data for intraday-assay accuracy and precision were 

presented in Table XXIX and interday-assay accuracy and precision were presented in 

Table XXX. Intraday accuracy and precision were assessed by 3 replicates of 4 

concentrations on same day while inter-day accuracy and precision were assessed by 3 

replicates of 4 concentrations on 3 separate days.  

Table XXIX : Intra-day accuracy and precision for four concentrations with three 
replicates on the same day(n=6) 
Intraday accuracy and precision 

Prepared 
Concentration (pg/ml) 

Mean Calculated 
Concentration (pg/ml) SD1 Precision 

(% CV)2 
Accuracy 
(% RE)3 

40 0.13 0.01 0.20 -14.65 
25 0.26 0.02 1.64 -8.30 
10 0.57 0.01 0.03 -14.82 
5 1.18 0.13 0.00 13.45 

Table XXX : Inter-day accuracy and precision for four concentrations on three different 
days (n=6) 

Inter-day accuracy and precision 
Prepared Concentration 

(pg/ml) 
Mean Calculated 

Concentration (pg/ml) SD1 Precision 
(% CV)2 

Accuracy 
(% RE)3 

40 39.56 5.04 12.73 -1.11 
25 23.20 1.47 6.33 -7.19 
10 9.59 0.99 10.31 -4.13 
5 5.33 0.78 14.57 6.62 

CV2: Coefficient of variance (Standard deviation (SD)/Mean calculated concentration) 
% RE3: Percent relative error 
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k. Stability study of alpha-neoendorphin 

Stability of the QCs of alpha-neoendorphin were assessed by analyzing 1 replicate 

each at two different temperatures (RT:   ̴220C and 100C) and the data is summarized in the 

Table XXXI. Based on the data, dynorphin A is stable for at least 12 hours at benchtop 

working temperature of  ̴40C (samples always placed in ice when working on the benchtop), 

autosampler temperature of 10 0C. This data shows that there is a significant loss of the 

analyte at room temperature, however the loss is not very significant at any of the working 

temperatures (  ̴40C - 10 0C). 

Table XXXI : Stability of alpha neoendorphin at 2 temperatures (  ̴22 0C, 100C) 

Stability at room temperature (  ̴25 0Cs) 

 Room temperature Percent Variability 

Time PA of the 
lowest QC 

PA of the 
highest QC Lowest QC Highest QC 

0 Hours 3.36E+03 4.99E+05   

48 hours 1.39E+03 4.27E+05 -58.63 -14.43 

Stability at 10 0C 

 Autosampler Percent Variability 

Time PA of the 
lowest QC 

PA of the 
highest QC Lowest QC Highest QC 

0 Hours 1.74E+03 4.50E+05   

6 hours 1.73E+03 4.41E+05 -0.58 -2.04 

12 hours 1.65E+03 4.46E+05 -5.45 -0.90 

PA: Peak area
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Chapter IV 

Tumor necrosis factor – alpha 

4.1. Cytokines - introduction 

Cytokines are small proteinaceous signaling molecules, usually less than 80 K Da in size 

[137,138]. They are produced by all nucleated cells and function as messengers or local 

hormones, regulating a wide range of biological functions such as inflammation and repair, 

innate and acquired immunity, hematopoiesis. In the case of inflammation, their action is 

pleiotropic in nature, that is they play a key role not only in the initiation and perpetuation 

but also the down regulation of the inflammation process [139,140]. Cytokines are 

produced in response to both immune and non-immune events. If they are produced as a 

response to an immune reaction, they are produced in the effector phase of the immune 

response and control the immune and inflammatory responses [141]. Cytokines are divided 

into many types, including the hematopoietic family (interleukins), the interferon family 

(IFN-α, β, γ), the chemokine family, the tumor necrosis family, colony stimulating factors  

(GM-CSF, G-CSF, M-CSF), and stem cell factors. These play a vital role in many 

physiological processes [140,141]. Current research project would focus on 



 
71 

 
 

proinflammatory cytokines such as IL-1β, IL-6, TNF-α and chemokine CCL-2. The current 

chapter would mainly focus on TNF-α. Cytokines are very potent and are present in 

extremely low concentrations in the body. The concentration ranges from 1 pg/mL – 10 

pg/mL [142,143]

4.1.1. Tumor necrosis factor – alpha (TNF-α): 

Tumor necrosis factor alpha (TNF-α) is a pro-inflammatory cytokine which is 

pleiotropic in nature. It has a variety of functions including an influence on sleep, 

regulation of immune response and immune system homeostasis, apoptosis, cell 

proliferation and differentiation [144–146]. It is also important for resistance to infection 

and cancers. Human TNF-α exists in two forms; a type II transmembrane protein, and a 

mature soluble protein. The TNF-α transmembrane protein is proteolytically cleaved to 

yield a soluble, biologically active 157 amino acid protein (17.4 KDa) protein. This protein 

binds as a trimer to cell membrane receptors (TNFR-1 and TNFR-2)  to exerts many of its 

effects by binding [147]. 

Amino acid sequence of TNF - α: 

VRSSSRTPSDKPVAHVVANPQAEGQLQWLNRRANALLANGVELRDNQLVVPSE

GLYLIYSQVLFKGQGCPSTHVLLTHTISRIAVSYQTKVNLLSAIKSPCQRETPEGA

EAKPWYEPIYLGGVFQLEKGDRLSAEINRPDYLDFAESGQVYFGIIAL [148].
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4.2 LC-MS method development 

4.2.1 Chemicals 

Recombinant human TNF - α standards were purchased from PeproTech (Rocky 

Hill, NJ). Modified sequence grade trypsin was purchased from Promega corporation 

(Madison, WI), Ammonium bicarbonate (99% analytical grade) from Sigma (Milwaukee, 

Wisconsin). LCMS grade acetonitrile was purchased from Fisher scientific (Hampton, 

NH). Deionized water was obtained from  a nanopore diamond water purification system 

from Thermo Scientific. 

4.2.2 Instrumentation 

A Shimadzu Nexera UHPLC system with two binary LC-30 AD pumps, a 

DUG20A3R degasser, SIL-30 AC autosampler, CTO-10AVP column oven and a CBM 

20A controller interfaced with an AB SCIEX 5500 QTRAP mass spectrometer with Electro 

Spray Ionization probe and a syringe pump has been used for the purpose of quantification. 

Instrument operation, acquisition and processing data was performed using AB SCIEX 

Analyst software. 

4.2.3 Liquid chromatography 

A reversed phase chromatographic column was considered for the analysis of TNF 

- α. A linear gradient technique at 300C  going from 2% mobile phase B to 40% B in 1 

minute and 40% to 90% in 10 minutes was utilized for the elution of the digested protein. 

Halo Peptide 2 ES-C18 column (Advanced Material Technology, Chadds Ford, PA, USA) 

(50 x 2.1 mm, 2 μm) with 0.1% formic acid in water as mobile phase A and 0.1% formic 

acid in acetonitrile as mobile phase B, pumped at a flow rate of 0.200 mL/min. Post run 
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column wash and equilibration has been incorporated in the gradient program. For each 

analysis, 10.0 μL of sample was injected into the system by autosampler set at 10°C, and 

the gradient time was 20 minutes. A 10-minute equilibration cycles were also included 

within the gradient. 

4.2.4 Tandem mass spectrometry 

The compound and source dependent parameters were optimized for the best signal 

intensity and the conditions were as follows: curtain gas: 40 psi; ion spray voltage: 4000 

V; ion spray temperature: 400°C; ion source gas 1: 30 psi; ion source gas 2: 20; declustering 

potential: 40 V; entrance potential: 10 V; collision energy: 30 eV and cell exit potential: 

15 eV.  

4.2.5 Preparation of stock and working standard solutions 

Stock solution of the protein was prepared by reconstituting the solid TNF - α 

standard at room temperature with deionized water to make a 1 mg/mL solution. The stock 

solution was aliquoted into 50 protein low bind tubes and stored at -800C. One of the 

aliquots was diluted to 0.1 mg/mL using ammonium bicarbonate solution at pH 7.8. Dilute 

20 uL of TNF WS with 30 uL of 2 % ACN and add 100 uL of ACN with 2 % FA. Shake 

the solution for 5 minutes and centrifuge at 1500 rpm for 1 minute and 2000 rpm for 2 

minutes at 40C. Collect the supernatant and add 10 uL of 0.1 % BSA to it. The sample is 

then dried under Nitrogen at 300C. The dried sample is reconstituted with 100 uL of 

digestion buffer (50 mM ammonium bicarbonate in 10% acetonitrile in water. The solution 

is mixed well, and trypsin was added to the solution (protease: protein 1:20). This solution 

is Incubated at 370C for 12 hours. After the incubation, the solution was cooled down to 

room temperature and 3 uL of 80 % formic acid was added to quench the digestion process. 
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This solution is mixed well for 10 seconds. The solution is centrifuged for 30 seconds to 

remove any small particulate matter that might be suspended in the solution. The digested 

protein solution was diluted using 0.1% formic acid and 2 % acetonitrile in deionized water 

for positive mode and 0.05% ammonium hydroxide and 2 % acetonitrile in deionized water 

for negative mode mass spectrometry analysis. 

4.2.6 Preliminary in-silico experiments: 

a. In-silico digestion:  

Initial digestion experiments were performed on online proteomics tools such as 

ExPASy : SIB Bioinformatics Resource Portal using the sophisticated algorithm for trypsin 

digestion [149] which gives the probability of digestion at all the cleavage sites as a percent 

value as shown in Figure 32. 
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b. Calculations of theoretical fragmentation pattern  

Theoretical fragmentation is important for the optimization of mass spectrometry 

parameters. The m/z can be theoretically calculated based on the number of acidic and 

basic amino acids in the protein and the mode being used in the mass spectrometry analysis. 

The calculated m/z’s are shown in XXXII, Molecular weight of fragments accounting for 

alkylation during sample preparation as shown in Table XXXIII. m/z of the Theoretical 

fragments in positive mode and negative modes are shown in Table XXXIV and Table 

XXXV respectively. 

Figure 31: In-silico digested protein showing cleavage sites and 
probability 
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Table XXXII: Theoretical or calculated molecular weights 
 

 

Table XXXIII: Molecular weight of fragments accounting for alkylation during sample preparation 
Position of 

cleavage site 
Name of cleaving 

enzyme(s) 
Resulting peptide sequence 

(see explanations) 
Peptide length 

[aa] Peptide mass [Da] Cleavage 
probability 

31 Trypsin PVAHVVANPQAEGQLQWLNR 20 2227.511 79.2 % 

44 Trypsin ANALLANGVELR 12 1240.425 91.8 % 

65 Trypsin DNQLVVPSEGLYLIYSQVLFK 21 2425.807 100 % 

82 Trypsin GQGCPSTHVLLTHTISR 17 1807.057 100 % 

128 Trypsin PWYEPIYLGGVFQLEK 16 1939.241 100 % 

157 end of sequence PDYLDFAESGQVYFGIIAL 19 2118.370 - 

Resulting peptide sequence Number of Cysteines Weight to be added Final MW 

PVAHVVANPQAEGQLQWLNR - - 2227.511 

ANALLANGVELR - - 1240.425 

DNQLVVPSEGLYLIYSQVLFK - - 2425.807 

GQGCPSTHVLLTHTISR 1 57 1,864.057 

PWYEPIYLGGVFQLEK - - 1939.241 

PDYLDFAESGQVYFGIIAL - - 2118.370 

https://web.expasy.org/peptide_cutter/peptidecutter_instructions.html
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Table XXXIV: m/z of the Theoretical fragments in positive mode 

Resulting peptide sequence Cleavage 
probability 

Number of + 
charges Final MW m/z 

PVAHVVANPQAEGQLQWLNR 79.2 % 2 2227.5 1,114.7, 2228.5 

ANALLANGVELR 91.8 % 1 1240.4 1241.4 

DNQLVVPSEGLYLIYSQVLFK 100 % 1 2425.8 2426.8 

GQGCPSTHVLLTHTISR 100 % 3 1,864.1 622.3 (+3), 933.0 
(+2), 1865.1 (+1) 

PWYEPIYLGGVFQLEK 100 % 1 1939.2 1940.2 

PDYLDFAESGQVYFGIIAL - 0 2118.4 - 
 

Table XXXV: m/z of the Theoretical fragments in negative mode 

Resulting peptide sequence Cleavage 
probability Number of - charges Final MW m/z 

PVAHVVANPQAEGQLQWLNR 79.2 % 1 2227.5 2226.5 

ANALLANGVELR 91.8 % 1 1240.4 1239.4 

DNQLVVPSEGLYLIYSQVLFK 100 % 2 2425.8 1211.9 (-2), 2424.8 (-1) 

GQGCPSTHVLLTHTISR 100 % 0 1,864.1 - 

PWYEPIYLGGVFQLEK 100 % 2 1939.2 968.6 

PDYLDFAESGQVYFGIIAL - 3 2118.4 705.13 (-3), 1058.2 (-2), 
2117.4 (-1) 
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Figure 32 : Deconvoluted chromatogram showing the peak for 
one of the digested peptides of TNF-α (pink colored peak)  
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4.2.7 Mass spectrometry analysis 

A full scan analysis of TNF – α was performed both in positive and negative mode 

to confirm the presence the molecule and to optimize the mass spectrometer parameters. 

The data from the initial experiments was deconvoluted using an online bioinformatics 

software called SKYLINE. The deconvoluted data showed a large peak for one of the 

peptides and seven other peptides detected shown in Figure 33 and the expected sequences 

of  the peak is shown in Figure 34 

4.3 Future experiments 

4.3.1 Sample preparation 

a. Sample clean up and separation of the protein from other proteins: The peptide 

fragments that had very low intensity causing them to be below the threshold of 

detection during the initial analysis can be detected by optimizing the sample 

preparation and reducing the background interference. This can be done by multiple 

ways. A few methods that can be effective are [150] 

1. Spin filters MWCO 15 KDa 

2. SPE 

3. Immunopeptide capture 

4. Immunochemistry-based liquid chromatographic separations 

5. Capillary electrophoresis/immunochemistry-based separations 

6. Antibody flow-based assays 

b. Optimizing digestion efficiency: Bottom-up proteomics relies on the generated 

fragments after digestion for detecting the protein. Improving/optimizing the digestion 

efficiency will improve the sensitivity of the assay as it will generate the maximum 
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possible fragments without the loss of protein. This can be done by multiple 

experiments such as  

1. Analyzing protein at varying temperatures and duration of digestion to determine 

the optimal combination of the two parameters. 

2. Digesting protein at different trypsin to protein ratio to find the optimal 

combination. 

4.3.2 LC-MS optimization 

a. Optimizing the full scan analysis parameters 

b. Generating an MS/MS fragmentation pattern for all the peptides that can be detected 

and optimizing the MRM parameters for the peptides. 

Optimize the method for biological matrices such as serum and cerebro spinal fluid. 
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CHAPTER V 

FUTURE DIRECTIONS 

Current work has chromatographically separated dynorphin A, Dynorphin B and 

alpha neoendorphin successfully. An LC-MS/MS method has been developed and 

validated to quantify the standards of dynorphin A, dynorphin B and alpha-neoendorphin 

spiked in serum at the low physiological concentrations for dynorphin A and dynorphin B. 

This method will be used to analyze and quantify the basal levels of dynorphin A, 

dynorphin B and alpha-neoendorphin in a mouse. The method will be further cross 

validated in CSF to increase the utility of the method to multiple matrices. 

Preliminary work on LC-MS/MS analysis of TNF α has been done and was able to 

detect the standards. This method will be optimized and validated in serum and CSF. The 

scope for future work will include a complete LC-MS/MS method development and 

validation of  cytokines TNF α, IL-1α, IL-6 and the chemokine MCP-1/CCL2 in human 

serum , which will be cross validated in CSF. Method will be validated for accuracy, 

precision, 

limit of detection, lower limit of quantification, stability, extraction recovery and matrix 

effect following the FDA guidelines for bioanalytical method validation. 
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Eventually, chromatography will be optimized to resolve dynorphin A, dynorphin 

B, alpha-neoendorphin, TNF α, IL-1α, IL-6 and MCP-1/CCL2 using a single method, 

improving the throughput and efficiency for sample analysis. This method will be used to 

do a time study in artificially stressed animal models which will establish the effect of 

dynorphins on major proinflammatory cytokines and chemokines and thus the process of 

inflammation. 
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