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Abstract 

 

κ opioid receptors (KOP) play a role in the addictive properties of nicotine by opposing its 

rewarding effects. Using a KOP antagonist, we aim to modulate this relationship, and prevent the 

negative effects of withdrawal that causes individuals to relapse. A novel glycoliposomal delivery 

system was used to improve the stability of dynantin, a KOP antagonist peptide, in human plasma.  

Reverse phase high-performance liquid chromatography (RP-HPLC) was used to study the 

entrapment and stability of dynantin. Subsequently, the in vitro Parallel Receptor-ome Expression 

and Screening via Transcriptional Output–Transcriptional activation following arrestin 

translocation (PRESTO-TANGO) system was used to study the affinity and selectivity of dynantin 

at the KOP compared to the δ and μ opioid receptors (DOP and MOP). Results showed that 

dynantin had good selectivity for KOP without activating or blocking DOP or MOP. The ratio of 

peptide: mannose lipid: cholesterol was modified to improve the stability of dynantin in human 

plasma. Dynantin was completely degraded in plasma after 24 hours with no cholesterol present, 

while a 1:5:2 ratio (peptide: mannose lipid: cholesterol), had 71±4% of dynantin remaining after 

24 hours. Importantly, the delivery system had no effect on the affinity of dynantin at the KOP. 

Our delivery system therefore shows promise in its ability to increase the bioavailability of 

therapeutic peptides such as dynantin, for which we demonstrate here a promising ability to act 

selectively as an antagonist at the KOP. 
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1. Introduction  

 

1.1. Smoking Cessation and Complications Associated with Addiction  

 

Tobacco smoking has become a very common occurrence in daily life. It is known that tobacco 

smoking can lead to a variety of diseases including various forms of cancer (lung, stomach, 

pancreatic, liver, etc.), as well as chronic obstructive pulmonary disease (1), heart disease, stroke, 

asthma and even diabetes (2). The tobacco epidemic results in more than 8 million deaths globally 

each year, 7 million people from direct nicotine consumption, and 1.2 million from second-hand 

smoke (3). In Canada alone, 45,000 people die annually from smoking related diseases (4). Despite 

all the knowledge surrounding the dangers of smoking tobacco, less than 10% of smokers who try 

to quit each year are successful (5). Three main factors can complicate an individual’s effort to 

quit smoking. There are social, mental and physical aspects that can impact smoking cessation (6, 

7). Smoking with friends or coworkers can lead to a missed social aspect when trying to quit. 

Mental factors will come into play if smoking was done to relax or destress. Finally, addiction is 

an example of a physical factor that will hinder someone’s ability to quit smoking. Drug 

consumption, withdrawal episodes and relapse are all components of addiction, and all contribute 

to why quitting is so difficult (8).  

1.2. Mechanism of Addiction  

 

Nicotine produces biological effects by binding to nicotinic acetylcholine receptors, and activating 

the mesocorticolimbic dopamine pathways (9, 10). Nicotine, like other drugs of abuse, will activate 

brain dopamine production (11, 12). Dopamine is a neurotransmitter that induces a euphoric state, 

leads to enhanced performance, and reversal of withdrawal symptoms (13, 14). This increase in 

rewarding psychoactive effects resulting from nicotine-induced dopamine release, leads to the 
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addictive properties of nicotine. Dopamine will bind to D1 receptors, which are Gs-coupled 

receptors, in the brain (15, 16). The activation of D1 receptors will recruit adenylyl cyclase (AC) 

and activate cAMP (cyclic adenosine monophosphate)-dependent signalling (Figure 1) (15, 16). 

An activated cAMP will stimulate the production of the protein kinase A (PKA)-dependent 

signalling pathway (15). CREB, cAMP response element binding protein, will be phosphorylated 

at Ser133 (17), leading to its activation in the nucleus accumbens (18). CREB is a nuclear protein 

that regulates transcriptional activity in postsynaptic neurons in a stimulant-dependent manner 

(16). This CREB activation leads to an increase in its target gene expression, which in this case, is 

dynorphin A (Dyn A) (16).  

 

Figure 1. Dynorphin production through CREB activation. Modified from (16). 
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Dyn A, an endogenous peptide κ opioid receptor (KOP) agonist, will bind to the KOPs on 

dopamine axon terminals and activate them (16). The activated KOP will induce dysphoria and 

anxiety, leading to the negative effects that are associated with drug withdrawal (17, 19). The 

increase in KOP activation also inhibits the release of dopamine, and can even decrease basal 

dopamine levels (15, 20), further leading to the negative mood state caused by KOP activation 

(Figure 2) (15, 21). The negative mood state and decrease in dopamine release that results from 

dynorphin binding to the KOP, will lead to the consumption of nicotine to produce more rewarding 

psychoactive effects. Dopamine will be released, leading to another increase in dynorphin, which 

again will bind to the KOP and induce dysphoria, resulting in the need to consume more nicotine. 

Opioid receptors in our brains have a major role in nicotine addiction.  

 

Figure 2. Nicotine addiction mechanism. Taken from (15). 
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1.3. Opioid Receptors   

 

The opioid receptors are G protein-coupled receptors (GPCR) that play a role in depression, 

anxiety and addiction (22). There are three members of opioid receptors including the κ, μ (MOP) 

and δ (DOP), all of which are coupled to inhibitory type G proteins (Gi/G0) (23, 24) such that when 

activated, the receptors will have inhibitory effects on neuronal activity or neurochemical release 

(23). Opioid receptors are located in both the peripheral and central nervous system (25, 26). In 

the brain, they are located in areas that are associated with reward, mood, pain and emotional 

responses (23, 27). These areas include the dorsal raphe nucleus (28), ventral tegmental area 

(VTA), nucleus accumbens, prefrontal cortex, hippocampus and the extended amygdala (12, 22, 

27) (Figure 3). While the μ and κ receptors coexist in most structures, the δ receptors have a much 

lower expression in the brain stem (25).  

 

Figure 3. Opioid receptor locations in the brain. Modified from (29). 
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1.3.1. μ and δ Opioid Receptors  

 

When activated by an agonist, each opioid receptor induces analgesia (30). When MOPs are 

activated either by endogenous agonists including β-endorphins or exogenous agonists such as 

morphine (23, 30, 31), side effects to analgesia include euphoria and respiratory depression (32, 

33). 

The MOP is most commonly used to regulate pain by decreasing the perception of pain (34). On 

presynaptic neurons, an activated MOP will block calcium channels and decrease Ca2+ influx (34). 

In postsynaptic neurons, activated MOPs result in an increase in K+ by potassium channels (34). 

This all leads to the hyperpolarization of the post synapse, and will ultimately hinder neuronal 

firing, leading to the decrease in pain perception. Opioid drugs associated with abuse, heroin and 

morphine, target the μ receptor (30). The euphoria side effect associated with the MOP, leads to 

the addictive properties of these drugs, and other μ drugs, resulting in them not being ideal 

candidates for addiction therapies. 

When DOPs are activated, either by endogenous agonists such as Met- and Leu-enkephalins or 

exogenous agonists such as DPDPE ([D-Pen2, D-Pen5]enkephalin) (35, 36), side effects to 

analgesia include convulsions and anxiolysis. The δ receptor has been studied less extensively than 

the μ receptor. Some δ agonists have been found to produce a rewarding effect (37), however 

others do not elicit abuse related rewarding effects (38). Whether or not δ agonists have the same 

abuse potential as those for the μ receptor, still needs to be evaluated. 

1.3.2. κ Opioid Receptors  

 

KOPs are activated by endogenous dynorphins and exogenous synthetic peptide agonists (28, 39), 

and side effects include dysphoria, increased production of urine, and an inability to feel pleasure 
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(30, 40, 41). The KOP has different roles depending on which location in the brain it is found. The 

KOPs expressed in the dorsal raphe nucleus, have a role in stress and serotonin 

production/inhibition (42), and KOPs expressed in the hippocampus are involved in its circuitry 

(22). The KOPs expressed in the VTA and nucleus accumbens have more of a role when it comes 

to addiction. The VTA is involved in the inhibitory modulation of dopaminergic neurons (22). The 

nucleus accumbens is modulated by KOPs, and is a downstream target of the VTA (22). It is 

involved in reward, emotion and motivation (16, 22, 43). The VTA, nucleus accumbens and 

prefrontal cortex are involved in the mesocorticolimbic projections of dopamine (44). In the 

mesolimbic system, dopamine is transmitted from the VTA to the nucleus accumbens, and in the 

mesocortical pathway, dopamine in transmitted from the VTA to the prefrontal cortex (9, 43). 

KOPs are also expressed on dopamine axon terminals (15, 45, 46), where they inhibit the release 

of dopamine when activated by an agonist. KOPs will participate in the addictive properties of 

drugs of abuse by opposing their rewarding effects.  

1.4. Nicotine Addiction Treatments  

 

The most common smoking cessation tool is the use of nicotine replacement therapies (NRTs). 

The first NRT to be released was a chewing gum that contained nicotine that was absorbed through 

buccal absorption (47). Other NRTs emerged including the transdermal patch, nasal spray and 

inhaler (47, 48). The issue with NRTs is while they are a better alternative to smoking cigarettes, 

they still contain nicotine that one can become addicted to. Non-nicotine pharmacological 

therapies have included anti-depressants, anxiolytics and nicotine blockage therapies. Anxiolytics 

can counter the anxiety symptoms that occur during smoking cessation. Anti-depressants increase 

brain levels of dopamine and could reverse the negative effects of nicotine withdrawal (13). 

However, with dopamine being produced, Dyn A production will still occur through CREB 
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activation, and will lead to an activated KOP and a negative mood state.  An increase in CREB has 

been shown to lead to an increase in depression, which can been blocked by a KOP antagonist (49, 

50). These findings have led to further research regarding the use of KOP antagonists in addiction 

therapies. 

1.5. κ Opioid Receptor Antagonists  

 

While agonists for MOP and DOP have been shown to decrease nicotine withdrawal-associated 

symptoms, the abusive properties of μ drugs, and the lower expression of δ receptors in the brain 

make these receptors less than ideal targets in addiction therapies (19, 23, 25). KOP antagonists 

are emerging as therapeutics for addiction because they have lower relapse rates than drugs 

associated with MOP (23). Competitive antagonists will bind to an opioid receptor in the brain, 

and completely inhibit agonist binding (51). This will stop the negative effects of an activated 

KOP, and hopefully attenuate the need to consume nicotine more frequently. The most commonly 

known KOP antagonists, nor-BNI (norbinaltorphimine, 1), GNTI (5ʹ-guanidinonaltrindole, 2) and 

JDTic ((3R)-7-hydroxy-N-[(2S)-1-[(3R,4R)-4-(3-hydroxyphenyl)-3,4-dimethylpiperidin-1-yl]-3-

methylbutan-2-yl]-1,2,3,4-tetrahydroisoquinoline-3-carboxamide, 3) (Figure 4), are competitive 

antagonists that have shown strong efficacy against different drugs of abuse, and exhibit non-

competitive like effects at the KOP. Nor-BNI has been shown to suppress the increase in alcohol 

self-administration in alcohol-dependent animals (52) as well as block the effects of cocaine-

seeking behaviours caused by stress in mice (53). The motivational aspects associated with cocaine 

withdrawal were also blocked by nor-BNI (54). JDTic has been shown to block reinstatement of 

cocaine-seeking behaviours caused by stress in rats (55) as well as attenuate nicotine withdrawal 

signs (56).  
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Figure 4. Structures of nor-BNI (1), GNTI (2) and JDTic (3). 
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1.5.1. Current κ Antagonist Limitations  

 

κ antagonists have not been suitable for clinical development due to their slow onset of action and 

long-lasting effects (27, 57-59). The maximum effects of these antagonists can occur between 

hours or days, while competitive antagonists like naloxone have a maximal effect minutes after 

administration (60, 61). GNTI has been shown to have effects for up to 14 days in rhesus monkeys 

(62), and nor-BNI can continue to block the KOP after 3 weeks in mice (63). These long-lasting 

effects are due to the activation of c-Jun N-terminal kinase (JNK) (64), which when activated, is 

thought to desensitize key components of the KOP structure (58, 60). This effect is considered 

non-competitive. Bruchas and Chavkin hypothesized that there is a high association between KOP 

and a hypothetical JNK modulated regulator (JMR) that occurs when long acting antagonists block 

the receptor (Figure 5) (65). Antagonists like nor-BNI, JDTic and GNTI promote the association 

between KOP and JMR, resulting in other KOP signalling complexes being inactivated. GPCRs 

occupy multiple conformations and signalling states, and since other KOP signalling pathways 

have been disrupted, this could lead to the long-lasting effects of nor-BNI, JDTic and GNTI (65). 

Further research into the exact mechanism of why JNK activation leads to long-acting antagonists 

is underway (65). Along with a slow onset of action and long-lasting effects, JDTic is known to 

cause cardiac toxicity (64, 66). In a study by Buda and coworkers, 2 out of the 6 patients that were 

given JDTic had non-sustained ventricular tachycardia (64). JDTic can cause disruption of fatty 

acid oxidation in human cell lines, which could be the mechanism by which JDTic causes cardiac 

dysfunction in humans (64). Recent studies have also shown that nor-BNI and GNTI are not as 

selective for KOP in brain tissue as was once thought (57, 60). Since MOPs are linked to highly 

addictive opiates, antagonists that only block the KOP are desired to avoid further addiction (67, 

68). The toxicity associated with JDTic resulted in it being pulled from phase 1 clinical trials (64). 
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Overall, the long-lasting effects and slow onset of action of these antagonists make their use as 

pharmaceuticals difficult.  

 

Figure 5. KOP antagonist activation of JNK. Modified from (65). 

 

1.5.2. Peptides as KOP Antagonists  

 

Peptides are emerging as therapeutics due to their generally low toxicity, decreased tissue 

accumulation, rapid kidney clearance and short half lives (69–71). They also possess a high degree 

of chemical and biological biodiversity, and a high target affinity compared to non-peptides (70). 

Modifications to the KOP endogenous agonist Dyn A have been attempted to make therapeutic 

peptides for the treatment of pain or depression. Dyn A(1-17) is a parent peptide composed of the 

Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Ile-Arg-Pro-Lys-Leu-Lys-Trp-Asp-Asn-Gln sequence of amino 

acids (72). The shorter 13 amino acid peptide Dyn A(1-13), and the 11 amino acid peptide Dyn 

A(1-11) have an activity profile similar to the parent peptide in vitro (73). It has been found that 

the Lys11, Lys13, and Arg7 are important amino acids residues for biological activity at KOP, with 

Arg7 having the greatest contribution to potency (24, 74). The first four residues of Dyn A, Tyr-
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Gly-Gly-Phe, contain the message region of the peptide while the 5-11 and 5-13 segments contain 

the potency-enhancing, or address region, which contributes to the specificity at the KOP (24, 74). 

Lu and coworkers determined that replacing the Tyr residue at the N-terminus with 3-(2,6-

dimethyl-4-hydroxyphenyl)propanoic acid (Dhp, 4) or (2S)-2-methyl-3-(2,6-dimethyl-4-

hydroxyphenyl)propanoic acid ((2S)-Mdp, 5) (Figure 6), could convert a μ or δ agonist into an 

antagonist (73). When a mixed μ agonist and δ antagonist, H-Dmt-c[-D-Orn-2-Nal-D-Pro-Gly-], 

was made by replacing the 2ʹ,6ʹ-dimethyltyrosine (Dmt) with Dhp, the compound no longer 

possessed any agonistic properties at the μ receptor (75). When a μ and δ agonist H-Dmt-D-Ala-

Gly-Phe-Leu-NH2 was made by replacing the Dmt with a (2S)-Mdp compound, the addition of the 

methyl group converted the compound into a δ antagonist, and a less potent μ antagonist (76). The 

positively charged N-terminal group was not needed for the binding to the δ and μ receptors, 

leading Lu and coworkers to create analogues of Dyn A (1-11), in an attempt to produce a potent 

and selective KOP antagonist (73). The affinities of the analogues with the N-terminal Tyr residue 

of Dyn A (1-11), replaced with either Dmt, Dhp or the (2S)-Mdp, were measured in rat or guinea 

pig brain membrane binding assays (73). Lu and coworkers found that [Dmt]Dyn A (1-11) had the 

same agonist potency as Dyn A (1-11) at the three opioid receptors, while the [Dhp]Dyn A (1-11) 

and [(2S)-Mdp]Dyn A (1-11) exhibited high KOP antagonist potency (73). The [(2S)-Mdp]Dyn A 

(1-11), dynantin, was the most potent and selective for the KOP out of all the analogues tested. 

However, peptides are limited as therapeutics due to their poor absorption through membranes, 

poor bioavailability and elimination by renal filtration (69, 70, 77, 78). Peptides are metabolized 

by proteases, which leads to their shorter half-lives, and a much shorter duration of action (79).  
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Figure 6. Structures of Dhp (4) and (2S)-Mdp (5). 

 

1.6. Dynantin  

 

Dynantin (6) (Figure 7) is an N- and C-terminally modified Dyn A (1-11) and a KOP antagonist 

peptide. It was created by replacing the N-terminal tyrosine residue on Dyn A (1-11) with (2S)-

Mdp (73). The linkage to Gly2 involves the condensation of the carboxylate with the amine of 

Gly2. C-terminal amidation was done to prevent degradation from exopeptidases. Dynantin has 

been shown to have a higher affinity for KOP than for MOP or DOP, and showed no agonist effect 

(up to 10 µM) in the guinea pig ileum assay, indicating it is a pure antagonist (73).  

OH

CONH-G-G-F-L-R-R-I-R-P-K-NH2

6  

Figure 7. Structure of dynantin (6). 
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The peptidic nature of dynantin indicates that it is still susceptible to degradation by proteases. 

Dyn A(1-13) degradation first occurs by hydrolysis at the C and N-termini by exopeptidases (70). 

This will form an 11 amino acid peptide chain that will undergo further degradation. This fragment 

will typically undergo cleavage at 4 sites: Phe4-Leu5, Leu5-Arg6, Arg6-Arg7 and Ile8-Arg9 (80–82). 

Dynantin is assumed to undergo the same cleavage as Dyn A due to the similarity in their amino 

acid sequences. Dynantin has been shown to be completely degraded in plasma ex vivo after 12 

hours at 37°C, producing two new metabolite peaks in the RP-HPLC chromatogram (Figure 8). 

Lewicky and coworkers showed that the bonds around the two arginine residues were the primary 

points of cleavage in dynantin, and that the (2S)-Mdp group replacing the Tyr residue at the N-

terminus did provide protection from N-terminal hydrolysis (70). The ideal stability range for a 

KOP antagonist to be effective is 12-24 hours (70). Due to the ubiquitous expression of proteolytic 

enzymes, degradation will occur regardless of how the peptide is administered, and will occur 

almost immediately following administration (77, 83).  
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Figure 8. Stability of dynantin in rat plasma after 12 hours. Dynantin was incubated in rat plasma 

at 37 °C and levels of dynantin remaining after various time points were analyzed by RP-HPLC in 

the presence of 0.1% TFA and detected by absorbance at 210 nm. Peptide amounts were calculated 

relative to the quantities determined at time point zero, results represent mean ± SEM of three 

separate experiments. *** p < 0.001 as compared to 6 hours. Taken from (70). 

 

1.7. Delivery Systems for Improved Peptide Stability  

 

Different strategies have been used to circumvent the stability issues associated with peptides.  

Chemical modification can be used to decrease degradation by preventing proteolytic enzymes 

from recognizing degradation sites (70). Examples of chemical modifications that can be used to 

improve peptide stability are N or C-terminal modification, cyclization and polymerization (78, 

84). One of the major disadvantages to chemical modifications is the risk of changing peptide 

activity or receptor affinity/selectivity (69, 85). 

Delivery systems, like nanoparticles or liposomal carriers, are a great tool to increase peptide 

stability, without affecting the activity of the peptide (69). Delivery systems can be used to target 

peptides to certain receptors, for example glycolipids can improve transport across cell membranes 
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(86). Liposomes are advantageous due to their amphiphilic nature, which can mimic membranes 

of cells that contain phospholipids (70). They could also help peptides meant to target the brain, 

traverse the blood-brain barrier (BBB), due to the lipophilicity associated with the BBB (70). 

Liposomal carriers are biodegradable, allowing for their contents to be released slowly (87), and 

they have the ability to be loaded with both hydrophilic and lipophilic peptides, which increases 

their scope of use (70). The addition of mannose to a delivery system can increase transport across 

the BBB via the solute transport carrier GLUT1 (glucose transporter 1) (88).  

Goyard and coworkers created a library of glycoliposomes that could form a bilayer in water 

creating a hydrophilic pocket that can mimic the phospholipid membrane of cells (89). They 

evaluated a number of different factors that could influence the size of the particles. For instance, 

increasing the lipophilicity led to a size increase, whereas varying carbohydrate moieties did not 

influence the size of the particles (89). In the end, glycoliposomal carriers functionalized with 

mannose showed good stability after 4 days at room temperature in water, as well as promise in 

the drug delivery of the anti-cancer drug paclitaxel (89). Two different glycoliposomes 

functionalized with mannose (mannose lipid-linear, ML-Linear, 7, and mannose lipid aromatic, 

ML-Aromatic, 8) have been designed (Figure 9) that can increase the stability of dynantin (70, 

89). The aromatic ML is a proprietary compound and the exact structure cannot be released at this 

time. These MLs self assemble in an aqueous solution, with the potential to encapsulate the 

dynantin peptide within the delivery system for added protection from degradation (Figure 10). 
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Figure 9. Structures of mannose lipids (7 and 8) used for the preparation of glycoliposomes. 
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Figure 10. ML-Linear self-assembly around dynantin. 

The addition of cholesterol has been investigated to improve the function of liposomal delivery 

systems. Cholesterol has been shown to increase the packing of phospholipid molecules (90), 

effectively decreasing permeability of the resulting particles. Virden and Berg showed that 

cholesterol can improve the resistance of delivery systems to aggregation (91). Cholesterol can 

also modulate the membrane fluidity of the liposomes to make them more rigid, and therefore less 

likely to be degraded more quickly (92).   
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1.8. PRESTO-TANGO System  

 

The need for a system that could measure agonist activity across multiple receptors simultaneously 

emerged due to the number of GPCRs that had no known endogenous ligands (93). Kroeze and 

coworkers developed the Parallel Receptor-ome Expression and Screening via Transcriptional 

Output (PRESTO)-Transcriptional activation following arrestin translocation (TANGO) system 

(93). The PRESTO aspect allows for the screening of multiple different small molecules or 

peptides against different GPCRs simultaneously, making it an excellent tool for first-pass 

screening, and for identifying ligands for orphan receptors (93). Using transient transfection, 

foreign DNA is introduced into the nucleus of cells, but it is not permanently integrated into the 

genome (94). The introduction of  DNA expressing a GPCR of choice to the cells allows for gene 

function to be studied. The TANGO aspect involves the recruitment of β-arrestin to the C-terminal 

of an activated GPCR (Figure 11) (95). An activated GPCR will undergo phosphorylation resulting 

in the recruitment of the β-arrestin/TEV (Tobacco Etch Virus) protease complex (96, 97). The 

TEV protease will cleave the GPCR at a TEV recognized cleavage site (98), resulting in the release 

of a tTA (tetracycline transactivator) transcription factor (96, 99). The transcription factor will 

activate the transcription of the luciferase reporter gene upon transport to the nucleus (93).  
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Figure 11. TANGO mechanism resulting in luciferase production. (1) Agonists (A) bind to and 

activate the GPRC. (2) β-arrestin interacts at the C-terminal V2 tail. (3) TEV protease on β-arrestin 

cleaves at TEV recognized site. (4) Released tTA transcription factor is transported to the nucleus. 

(5) Activation of the transcription of the luciferase reporter gene. Modified from (93).  

 

The production of firefly luciferase allows for the catalysis of the conversion of D-luciferin to an 

excited state oxyluciferin in the presence of ATP and O2 (Figure 12) (100, 101). This reaction also 

produces AMP, carbon dioxide, pyrophosphate (PPi) and light, caused by oxyluciferin decaying 

to the ground state (102), which can be measured as luminescence and that would correlate to the 

number of receptors that are activated by an agonist. In these studies, KOP is part of the GCPR 

family, and is activated by its agonist Dyn A. This allows us to use this system to investigate the 

activity of the competitive antagonist dynantin against Dyn A, which would be measured as a 

decrease in luminescence.  
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Figure 12. Reaction of D-luciferin to oxyluciferin in the presence of firefly luciferase. 

 

The PRESTO-TANGO system is an effective tool for drug discovery due to the ability to test many 

different compounds at several receptors simultaneously. This high throughput assay also allows 

for the test to be carried out with human cells lines, as opposed to the previous methods that 

required the use of mouse or rat membranes (103). A further advantage of PRESTO-TANGO is 

that it eliminates the requirement for the use of radioactive ligands (93, 103).  
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2. Objectives  

 

The use of peptides as KOP antagonists is emerging in drug development due to their generally 

low toxicity. The therapeutic potential of peptides is limited however, due to their low 

bioavailability in vivo. The first goal of this thesis is to prove that dynantin, a KOP antagonist 

peptide, can selectively block the KOP without affecting the DOP or MOP using the PRESTO-

TANGO system.  The second goal of this thesis is to optimize the ratio of the ML delivery system 

through the inclusion of cholesterol to improve the stability of dynantin in plasma, and to ensure 

that this delivery system has no effect on the activity of dynantin in vitro. This project could 

provide a new therapeutic for smoking cessation treatment.  
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3. Materials and Methods 

 

3.1. List of Chemicals 

 

Dynantin, Dyn A, DPDPE, TIPP and CTOP were all a generous gift from Dr. Peter Schiller 

(Clinical Research Institute of Montreal). The two MLs were provided by Dr. René Roy 

(Department of Chemistry, Université du Quebec à Montréal). Endomorphin 1 (Endo 1) was 

purchased from Millipore-Sigma, St Louis, MO, USA (SCP0132).   

3.2. Cell Culture  

 

HTLA cells, a derivative of HEK293T (human embryonic kidney) cells, containing a tTA-

dependent luciferase reporter and a β-arrestin2 fusion gene, were purchased from Addgene 

(Watertown, MA, USA).  Cells were not used beyond passage 30. The cells were recovered and 

maintained in Dulbecco's Modified Eagle's Medium (DMEM) (Hyclone, Logan, UT, USA) 

supplemented with 10% fetal bovine serum (FBS) (Gibco, Grand Islands, NY, USA) and 1% 

penicillin–streptomycin solution (Hyclone, Logan, UT, USA). The cells were maintained in an 

incubator at 37 °C in a 5% CO2 atmosphere.   

3.3. Preparation of Plasmids  

 

3.3.1. Agar Plates and LB Broth  

 

Agar plates for bacterial growth were prepared by combining 950 mL of water, 10 g of tryptone 

(Fisher BioReagents), 10 g of NaCl (EMD Millipore Corporation, Billerica, MA, USA), 5 g of 

yeast  extract (Becton, Dickson and Company, Sparks, MD, USA) and 15 g of agar (Becton, 

Dickson and Company, Sparks, MD, USA). The volume was adjusted to 1 L and the solution was 

autoclaved in a steam autoclave (Sussman Electric Boilers, Long Island City, NY) for 20 minutes 
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at 121°C and 15 psi (1.05 kg/cm2) on a liquid cycle. The mixture was cooled to 50 °C, and 1 mL 

of ampicillin (Sigma-Aldrich) was added for a final concentration of 100 µg/mL. The agar solution 

was poured into sterile plates using an aseptic flame technique. Plates were left to dry overnight 

before being stored at 4 °C for up to one month.  

LB (lysogeny) broth was prepared by combining 950 mL of water, 10 g of tryptone, 10 g of NaCl 

and 5 g of yeast extract. The volume was adjusted to 1 L and the mixture was autoclaved under 

the same conditions as outlined above. After being allowed to cool, 1 mL of ampicillin was added 

for a final concentration of 100 µg/mL, and broth was placed in a 4 °C fridge for up to one month.  

3.3.2. Isolating Single Bacterial Colonies by Steaking onto an Agar Plate  

 

Glycerol stocks of bacteria (E. coli K12) harboring plasmid DNA for each opioid receptor was 

purchased from Addgene (Roth Lab PRESTO-TANGO GPCR Kit). To purify plasmid DNA, 

single colonies of bacteria are needed to minimize the chance of having a mixture of plasmids in 

the purified DNA. Bacteria were streaked using a sterile pipette tip onto an agar plate.  Plates were 

placed “agar up” into a 37 °C incubator for 16-20 h. Single colonies of bacteria were represented 

as a white dot on the agar. After incubation, streaked plates were placed in a 4 °C fridge for up to 

one month.  

3.3.3. Inoculating Bacteria and Miniprepping Plasmids  

 

A volume of 8 mL of LB broth was poured into a bacterial culture tube under aseptic conditions. 

Using a sterile pipette tip, a single colony from the agar plate was collected, ensuring not to disrupt 

the agar. The tip was then swirled into the culture tube containing the broth. Tubes were placed 

into a shaking incubator at 250 rpm and 37 °C for 16-20 h.  
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Following incubation, plasmid DNA was purified from the culture using the monarch plasmid 

miniprep kit (New England Biolabs) following instructions from the kit manufacturer. Briefly, 

tubes were centrifuged at 13,000 rpm for 30 s, discarding the supernatant. Pellets were resuspended 

in 200 µL of a resuspension buffer and vortexed to ensure no particles remained. A volume of 200 

µL of a lysis buffer was added and the tubes gently inverted until the solution turned to a dark 

pink, viscous mixture. A volume of 400 µL of a neutralization buffer was then added to neutralize 

the solution and incubated at room temperature for 2 min. Tubes were then centrifuged at 13,000 

rpm for 5 min. Being careful not to disturb the pellet, the supernatant was removed and transferred 

to the mini column provided in the kit and spun again for 1 min at 13,000 rpm. The column was 

then washed with 200 µL of wash buffer 1 and spun at 13,000 rpm for 1 min removing RNA, 

proteins and endotoxins. A volume of 400 µL of wash buffer 2 was added and the column spun 

for 1 min at 13,000 rpm. Finally, 100 µL of DNA elution buffer was added to the column and spun 

for 1 min at 13,000 rpm, eluting the plasmid DNA. The monarch buffers used in this kit have 

proprietary buffer compositions.  

3.4. PRESTO-TANGO  

 

3.4.1. Cell Transfection  

 

HTLA cells were transfected with plasmids containing either KOP, MOP or DOP DNA. Briefly, 

1.5 mL of serum free DMEM was mixed with 100 µL of prepared plasmid, while 800 µL of serum 

free DMEM was mixed with 100 µL of DNAfectin (Applied Biological Materials, Canada). The 

two solutions sat for 5 min before being mixed together, and were incubated at room temperature 

for 20 min. Following incubation, the transfection mixture was added to the cells along with 3 mL 

of DMEM, serum-free media. The cells were incubated at 37°C for 5 h, and then 7 mL of DMEM 
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supplemented with 10% FBS and 1% penicillin-streptomycin was added. Cells were placed back 

in the 37°C incubator for another 19 h.  

3.4.2. Cell Plating  

 

Cells were removed from the plate using a cell scraper, and centrifuged at 1,000 rpm for 5 min. 

Cells were resuspended in 10 mL of DMEM supplemented with 10% FBS and 1% penicillin-

streptomycin, and counted using a hemocytometer (Hausser Scientific, Horsham, PA). Transfected 

cells and non-transfected control cells were plated at a density of 20,000 cells/well (100 µL) in a 

96-well plate. Cells were incubated again for 24 h at 37°C.  

3.4.3. Peptide Addition  

 

Different combinations of peptides or peptide with delivery system were added to the cells 

followed by incubation for 24 h at 37°C. 

3.4.3.1. Activity of Dynantin  

 

3.4.3.1.1. Dyn A concentration curve 

 

HTLA cells were transfected with plasmids expressing KOP. Various concentrations of Dyn A 

(0.005-10,000 nM) were added to the cells for a final volume of 200 μL in each well. Results are 

represented as mean ± SEM of two independent trials, n=2. The EC50 value for Dyn A was 

calculated using the following equation (Equation 1) (104): 

𝑦 = 𝐷 +
𝐴−𝐷

1+10(𝑥−𝑙𝑜𝑔𝐶)𝐵
    

Where A represents the maximal response of the agonist (top plateau of the sigmoidal curve), D 

represents the minimal response of the agonist (bottom plateau of the sigmoidal curve), C is the 



25 

 

relative EC50 value (the value halfway between the maximal and minimal response), and B is the 

Hill slope of the logarithmic curve. The y value represents the luminescence, and x value represents 

the concentration of agonist in logarithmic form. Curve fitting was performed by non-linear least 

squares method.  

3.4.3.1.2. Dynantin KOP competition with 100 nM Dyn A  

 

HTLA cells were transfected with plasmids expressing KOP. Various concentrations of dynantin 

(0.005-10,000 nM) were mixed with either 100 nM of Dyn A or media, and added to the cells for 

a final volume of 200 μL in each well. Dyn A (100 nM) was added to cells alone as a positive 

control and media was added to cells as a negative control. Results are represented as mean ± 

SEM, n=3.    

3.4.3.1.3. Dynatin KOP inhibition dose-response curve  

 

HTLA cells were transfected with plasmids expressing KOP. Various concentrations of dynantin 

(0.005-10,000 nM) were mixed with 100 nM of Dyn A, and added to the cells for a final volume 

of 200 μL in each well. Results are represented as mean ± SEM, n=3. The IC50 value for dynantin 

was calculated using the same equation as that of the EC50 calculation (Equation 1), but A 

represents the maximal inhibition response (bottom plateau of the sigmoidal curve), D represents 

the lower inhibition response (top plateau of the sigmoidal curve) and C is the estimated IC50 value. 

3.4.3.1.4. Dynantin KOP competition with 10 µM Dyn A  

 

HTLA cells were transfected with plasmids expressing KOP. Various concentrations of dynantin 

(0.005-10,000 nM) were mixed with 10 µM of Dyn A or media and added to the cells for a final 

volume of 200 μL in each well. Dyn A (10 µM) was added to cells alone as a positive control and 

media was added to cells as a negative control. Results are represented as mean ± SEM, n=3.  
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3.4.3.1.5. Nor-BNI KOP inhibition with 100 nM Dyn A   

 

HTLA cells were transfected with plasmids expressing KOP. Various concentrations of nor-BNI 

(0.005-10,000 nM) were mixed with 100 nM of Dyn A or media, and added to the cells for a final 

volume of 200 μL in each well. Dyn A (100 nM) was added to cells alone as a positive control and 

media was added to cells as a negative control. Results are represented as mean ± SEM, n=3. 

3.4.3.1.6. Effect of dynantin preincubation on KOP antagonism with 10 µM Dyn A  

 

HTLA cells were transfected with plasmids expressing KOP. After 19 h of incubation, 5 µM of 

dynantin was added to the cells. The same procedure was followed after 20, 21, 22 and 23 h, so 

dynantin had been preincubating with the cells for 1-5 h before the addition of Dyn A. At hour 24, 

10 µM of Dyn A or media was added to cells for a final volume of 200 μL in each well. Dyn A 

(10 µM) was added to the cells as a positive control, and media was added to cells as a negative 

control. Results are represented as mean ± SEM, n=3.   

3.4.3.1.7. DPDPE dose-response curve 

   

HTLA cells were transfected with plasmids expressing DOP. Various concentrations of DPDPE 

(5 nM – 1 mM) were added to the cells for a final volume of 200 μL in each well. Results are 

represented as mean ± SEM, n=3. 

3.4.3.1.8. Dynantin and TIPP DOP inhibition with 10 µM DPDPE  

 

HTLA cells were transfected with plasmids expressing DOP. After incubation, 100 µM of TIPP 

or dynantin was mixed with 10 µM of DPDPE or media, and added to the cells for a final volume 

of 200 μL in each well. DPDPE (10 µM) was added to cells alone as a positive control and media 

was added to cells as a negative control. Results are represented as mean ± SEM, n=3. 
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3.4.3.1.9. Endormorphin 1 dose-response curve  

 

HTLA cells were transfected with plasmids expressing MOP. Various concentrations of Endo 1 

(0.5 nM – 1 mM) were added to the cells for a final volume of 200 μL in each well. Results are 

represented as mean ± SEM, n=3. 

3.4.3.1.10. Dynantin and CTOP MOP inhibition with 100 µM Endo 1  

 

HTLA cells were transfected with plasmids expressing MOP. Dynantin (100 µM) or CTOP (100 

µM) was mixed with 100 µM of Endo 1 or media, and added to the cells for a final volume of 200 

μL in each well. Endo 1 (100 µM) was added to cells alone as a positive control, and media was 

added to cells as a negative control. Results are represented as mean ± SEM, n=3. 

3.4.3.2. Effect of delivery systems on activity  

 

3.4.3.2.1. Effect of empty mannose lipid formulations on Dyn A KOP activation signal  

 

HTLA cells were transfected with plasmids expressing KOP. Dyn A (100 nM) was added to the 

cells followed by empty ML formulations (dynantin: ML (linear or aromatic): Cholesterol [0:10:0, 

0:5:0, 0:5:2]) for a final volume of 200 μL in each well. Results are represented as mean ± SEM, 

n=3. 

3.4.3.2.2. Effect of mannose lipid entrapment on dynantin KOP inhibition  

 

HTLA cells were transfected with plasmids expressing KOP. Dyn A (100 nM) was added to the 

cells followed by 300 nM of dynantin (alone or dynantin: ML (linear or aromatic): Cholesterol 

[1:5:2]) for a final volume of 200 µL in each well. Media was added to the wells with dynantin as 

a peptide control. Results are represented as mean ± SEM, n=3.  
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3.4.3.2.3. Effect of ML-Aromatic mannose lipid on dynantin KOP inhibition  

 

HTLA cells were transfected with plasmids expressing KOP. Dyn A (100 nM) was added to the 

cells followed by 300 nM of dynantin (alone or entrapped (dynantin: ML-Aromatic: Cholesterol 

[1:5, 1:10, 1:5:2])) for a final volume of 200 µL in each well. Media was added to the wells with 

dynantin as a peptide control. Results are represented as mean ± SEM, n=3. 

3.4.3.2.4. Effect of mannose lipid entrapment on dynantin DOP activity  

 

HTLA cells were transfected with plasmids expressing DOP. DPDPE (10 µM) was added to the 

cells followed by 300 nM of dynantin (alone or dynantin: ML (linear or aromatic) [1:10, 1:5] or 

ML-Linear: Cholesterol [1:5:2]) or 100 µM TIPP as an antagonist control, for a final volume of 

200 µL in each well. Media was added to the wells with dynantin as a peptide control. Results are 

represented as mean ± SEM, n=3. 

3.4.3.2.5. Effect of mannose lipid entrapment on dynantin MOP activity 

 

HTLA cells were transfected with plasmids expressing MOP. Endo 1 (100 µM) was added to the 

cells followed by 300 nM of dynantin (alone or dynantin: ML (linear or aromatic) [1:10, 1:5] or 

ML-Linear: Cholesterol [1:5:2]) for a final volume of 200 µL in each well. Media was added to 

the wells with dynantin as a peptide control. Results are represented as mean ± SEM, n=3. 

3.4.4. Luciferase Assay 

 

After 24 hours of incubation, the media was removed from the cells and stored in -80°C for future 

experiments. A luciferase assay kit (Applied Biological Materials, Canada) was used to measure 

the luminescence of the cells following the manufacturer’s protocol. Briefly, after the media was 

removed, 20 µL of lysis buffer was added to the cells and the suspension was incubated at room 
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temperature, for 20 min. Immediately after, 20 µL of the luciferase assay solution was added to 

the cells, and within 5 min the resulting luminescence signal was measured using the Synergy H4 

Multi-mode Hybrid Microplate Reader (Biotek) at a gain of 225.  

3.5. HPLC Conditions  

 

All analyses were performed using a Shimadzu Prominence series HPLC system (Shimadzu 

Corporation, Kyoto, Japan), equipped with a LC-20AB binary pump, SIL-20A HT autosampler, 

CTO-20AC temperature-controlled column oven, and CBM-20A communications bus. For 

separation, an Ultra C18 column, 3 μm, 50 × 4.6 mm (RESTEK Corporation, Bellefonte, PA) was 

used. Dynantin samples were analyzed at a constant solvent flow rate of 0.7 mL/min at 35 ̊ C using 

a binary gradient (Table 1). Solvent A consisted of ddH2O (0.2 μm filtered) and solvent B consisted 

of 20% ddH2O in acetonitrile (HPLC grade; Fisher Scientific), with each solvent containing 0.1% 

(v/v) trifluoroacetic acid (TFA) (protein sequencing grade, Sigma Aldrich, St. Louis MO).  

Table 1. Binary gradient for the dynantin stability study using HPLC 

Time (Min) Solvent A (%) Solvent B (%) 

0 

1.5 

15 

20 

25 

32 

100 

100 

0 

0 

100 

100 

0 

0 

100 

100 

0 

0 

 

All samples were analyzed by RP-HPLC in the presence of 0.1% TFA (v/v) and the absorbance at 

210 nm was measured. 
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3.6. Peptide Entrapment  

 

A stock solution of dynantin (5 µg/µL in ddH2O) was prepared, aliquoted (12 µL) and stored at     

-80°C. Peptide aliquots were combined with varying amounts of two different mannose lipids 

(ML-Linear in THF (HPLC grade, Fischer Scientific), ML-Aromatic in tert-butanol (99.5%, Alfa 

Aesar) and cholesterol (>99%, Sigma Aldrich), 20 μL total addition) in ddH2O to a final volume 

of 100 μL, to investigate ML entrapment. The mixtures were gently vortexed for 5 min, after which 

solids were pelleted by centrifugation at 14,000 rpm and 20 ˚C for 10 min. Supernatants were 

removed for analysis (of the levels of non-entrapped peptide that remained) by RP-HPLC.  The 

degree of peptide entrapment is represented as the percentage of entrapped peptide relative to the 

amount determined in control samples comprised of peptide and THF without ML. 

3.6.1. Dynantin Mannose Lipid Entrapment Efficiency  

 

Dynantin was combined with either the linear or aromatic MLs, and cholesterol in water at 

different peptide: ML: cholesterol ratios (1:5:0, 1:10:0, 1:5:2). Results are represented as mean ± 

SEM or three separate experiments, n=3.  

3.6.2. Glycoliposome Permeability  

 

Combinations of dynantin and the aromatic ML with and without cholesterol (peptide: ML-

Aromatic: cholesterol, 1:5:0 or 1:5:2) were analyzed for peptide entrapment at the time of 

formulation (T0), and after having been left at room temperature for 24 h (T24). Results are 

represented as mean ± SEM of three separate experiments, n=3.  
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3.7. Plasma Collection  

 

Blood was collected from healthy volunteers in blood collection tubes with EDTA (BD 

Vacutainer, Mississauga Canada). Plasma was collected after centrifugation at 900 x g and 20 °C 

for 10 min with decreased deceleration, aliquoted, and stored at -80 °C. All protocols were 

approved by the Research Ethics Board and the Biosafety Committee at the Health Sciences 

North Research Institute (Protocol # 18-061). 

3.8. Dynantin Stability Analysis  

 

Peptide stability was investigated by combining dynantin (12 µL of 5µg/µL stock) with human 

plasma (88 μL), followed by incubation at 37 ˚C in a heating mantle (VWR Scientific) for varying 

lengths of time, (up to 24 h), before being stored at -80 ˚C. The degree of peptide degradation was 

analyzed by RP-HPLC. Samples were thawed and diluted in ddH2O (1/10) before analysis. 

Stability is represented as the percentage of peptide remaining relative to the amount determined 

at T0.  

3.9. Stability Analysis of Dynantin with Mannose Lipid 

 

Aliquots of dynantin (12 µL of 5µg/µL stock) were first combined with varying amounts of either 

ML (ML-Linear in THF or ML-Aromatic in t-BuOH, 20 μL total addition), or either ML and 

cholesterol, mixed thoroughly followed by the addition of thawed plasma (88 μL). For control, the 

peptide was combined with THF alone (20 μL) and plasma (88 μL). Samples were incubated at 37 

˚C in a heating mantle for varying lengths of time (up to 24 h), before being stored at -80 ˚C. For 

HPLC analysis, samples were thawed and diluted in MeOH (1/10) to destroy liposome particles, 

and solids were pelleted by centrifugation at 10,000 rpm and 20 ˚C for 5 min. The supernatants 
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were carefully removed for analysis (8 μL injections, in duplicate). Stability is represented as the 

percentage of peptide remaining relative to the amount determined at T0.  

3.9.1. Dynantin Stability in Human Plasma in Combination with ML-Linear and 

Cholesterol  

 

Dynantin was combined with linear ML and cholesterol at different peptide: ML-Linear: 

cholesterol ratios (1:5:0, 1:5:2, 1:5:3, 1:5:4, 1:4:0 or 1:4:2) and incubated in human plasma at 37°C 

for 12 or 24 h. Levels of dynantin remaining after 12 and 24 h, were analyzed by RP-HPLC. 

Results are represented as mean ± SEM of three separate experiments, n=3.  

3.9.2. Mannose Lipid Plasma Stability Improvement Comparison 

 

Dynantin was combined with either the linear or aromatic MLs and cholesterol in water at different 

ratios (peptide: ML: cholesterol, 1:5:0, 1:10:0 or 1:5:2). Samples were incubated in human plasma 

at 37°C for 12 or 24 h, and levels of dynantin remaining after various time points were analyzed 

by RP-HPLC. Results are represented as mean ± SEM of three separate experiments, n=3.  

3.10. Statistical Analysis  

 

All figures were constructed using Graph Pad Prism 5 (Graphpad Software Inc., San Diego CA) 

and all results represent mean ± SEM (standard error of the mean). Statistical comparisons were 

performed using one-way ANOVA with Tukey post-hoc test on Graph Pad. One-way ANOVA 

was used to determine if there were any statistical differences due to the presence of more than 

three groups of unrelated data (105).  
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4. Results  

 

4.1. Activity of Dynantin  

 

4.1.1. Dynantin and Dyn A activity at the KOP  

 

The activity of dynantin at the KOP was first investigated. A dose-response curve for Dyn A was 

generated to determine the best concentrations of Dyn A to use in the competition studies. Data 

was plotted in terms of the log[DynA] to determine the EC50 of the agonist (Figure 13). Beyond   

5 µM of Dyn A (log[Dyn A] = 3.69), a plateau was reached indicating Dyn A was saturating the 

receptors, and further increases in the concentration of Dyn A did not change the luminescence 

response. The EC50 of Dyn A ranged from 40-111 nM, log[Dyn A] = 1.60-2.04. Due to the Hill 

slope being estimated, the expected value for the EC50 covers a range of values (106). Two 

different concentrations of Dyn A, 10 µM (log[Dyn A] = 4) and 100 nM (log[Dyn A ] = 2), were 

chosen to test the antagonistic activity of dynantin. These concentrations were chosen to represent 

when Dyn A is saturating the receptors, as well as a value in the half-maximal effective 

concentration (EC50) range to represent when Dyn A is exhibiting a half-maximal response.  



34 

 

log([Dynorphin A] / nM)

L
u

m
in

e
s
c
e
n

c
e

 (
a

.u
.)

-4 -2 0 2 4 6
0

20000

40000

60000

80000

EC50

 

Figure 13. Dyn A Dose-Response Curve. Solid line represents best fit to Equation (1). Results are 

represented as mean ± SEM of two independent trials, n=2. 

 

The antagonistic activity of dynantin was next investigated when mixed with 100 nM of Dyn A 

(Figure 14). Dynantin alone produced no signal at the KOP relative to media background signals. 

High concentrations of dynantin (greater than 5 µM), were able to completely block the Dyn A 

with luminescence values close to those of dynantin administered alone. As the concentration of 

dynantin was reduced, so was its ability to block the signal of Dyn A. Concentrations of dynantin 

≤ 1 nM had no effect on the signal of Dyn A. From this data, an inhibition dose-response curve of 

dynantin was constructed (Figure 15), and the results showed a consistent trend for 3 independent 

trials, and the average half-maximal inhibitory concentration (IC50) value for dynantin was 

calculated to be ~300 nM (log[dynantin] = 2.48).   
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Figure 14. Dynantin KOP competition with 100 nM Dyn A. Results are represented as mean ± 

SEM, n=3. 
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Figure 15. Dynantin KOP inhibition dose-response curve. Results are represented as mean ± SEM, 

n=3. 

 

Dyn A at 10 µM was used to evaluate the affinity of dynantin for the KOP that could antagonize 

Dyn A at a concentration where it was completely saturating the receptor. At this Dyn A 
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concentration, even high concentrations, up to 10 µM, of dynantin had no effect on the Dyn A 

signal, indicating that it has significantly lower affinity for the KOP than Dyn A (Figure 16).  
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Figure 16. Dynantin KOP competition with 10 µM Dyn A. Results are represented as mean ± 

SEM, n=3. 

 

4.1.2. Dynantin Activity Compared to KOP Antagonist nor-BNI 

 

The activity of nor-BNI was measured to compare against dynantin (Figure 17). When 

administered alone, nor-BNI produced no effect, with luminescence values comparable to those of 

the media control. Nor-BNI concentrations as low as 0.005 nM were able to completely block the 

Dyn A signal at 100 nM, with luminescence values comparable to those of the antagonist alone. 

This indicates that nor-BNI is more potent as a KOP antagonist compared to dynantin, perhaps 

due to the fact that it acts at the KOP via a non-competitive like mechanism.  
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Figure 17. Nor-BNI KOP inhibition with 100 nM Dyn A. Results are represented as mean ± SEM, 

n=3. 

4.1.3. Dynantin Pre-treatment Improves Antagonistic Activity  

 

Dynantin was added to cells 1-5 hours before the addition of 10 µM Dyn A. When dynantin at       

5 µ nM could bind to the receptor before the addition of Dyn A, a lower Dyn A-induced signal 

was observed to a greater degree than when the two were mixed together and added at the same 

time (Figures 14 and 18). There was no effect of the length of pre-incubation on the inhibitory 

activity of dynantin (Figure 18).   
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Figure 18. Effect of dynantin (5 µM) pre-incubation on KOP antagonism with 10 µM Dyn A. 

Results are represented as mean ± SEM, n=3. 

 

4.1.4. Dynantin Activity at the DOP  

 

A dose-response curve of the DOP agonist DPDPE was generated (Figure 19), and 10 µM 

(log[DPDPE] = 4) was used for dynantin competition studies with the DOP. A known DOP 

antagonist, TIPP (Tyr-Tic-Phe-Phe) was used as an antagonist control for the DOP (107). TIPP at 

a concentration of 100 µM was able to significantly lower the DPDPE-induced signal (Figure 

20A). It is important to note that while TIPP alone did produce a higher background signal than 

dynantin, it was not significantly different from the control group, which indicates it did not act as 

an agonist at the receptor. Dynantin at a concentration of 100 µM, had no effect on the DPDPE-

induced signal, indicating that it is not an antagonist of the DOP (Figure 20B). 
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Figure 19. DPDPE dose-response curve. Results are represented as mean ± SEM, n=3. 
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Figure 20. TIPP (A) and Dynantin (B) DOP inhibition with 10 µM DPDPE. Results are 

represented as mean ± SEM, n=3. ***p<0.001, **p < 0.01, *p<0.05 compared to 10 µM of 

DPDPE. 

 

4.1.5. Dynantin Activity at the MOP  

 

A dose-response curve of the MOP agonist endomorphin 1 (Endo 1) was generated (Figure 21), 

and 100 µM (log[Endo 1] = 5) of Endo 1 was used for competition studies at the MOP. Much 
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higher concentrations of Endo 1 (1×106 nM) were needed to achieve luminescence signals 

comparable to those used for Dyn A at the KOP, and saturation was still not achieved for the µ 

receptors. The MOP antagonist peptide CTOP was tested, however it had no effect on the signal 

of Endo 1 (Figure 22). Dynantin at a concentration of 100 µM was also not able to significantly 

lower the Endo 1 signal (Figure 22), however since the known MOP antagonist had no effect, we 

are unable to draw a conclusion about dynantin’s activity at MOP. 
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Figure 21. Endomorphin 1 dose-response curve. Results are represented as mean ± SEM, n=3. 
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Figure 22. Dynantin and CTOP MOP inhibition with 100 µM Endo 1. Results are represented as 

mean ± SEM, n=3. ***p<0.001 compared to Endo 1. 

 

4.2. Stability of Dynantin  

 

4.2.1. Mannose Lipid Entrapment Efficiency 

  

Dynantin ML entrapment was measured by HPLC as a percentage relative to the amount of peptide 

determined in control samples that contained neither ML nor cholesterol. A peptide: ML: 

cholesterol ratio of 1:5:0 showed entrapment levels of 64±3% and 70±5% for the linear and 

aromatic ML delivery systems, respectively (Figure 23, Appendix 8.1). At a 1:10:0 ratio, 

entrapment levels were 82±4% and 94±5% for the linear and aromatic ML delivery systems, 

respectively, a significant improvement compared to the 1:5:0 ratio. When cholesterol was 

included in the formulations at a 1:5:2 ratio, the peptide entrapment levels were 86±3% and 94±3% 
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for the linear and aromatic delivery systems, respectively. These were also significant 

improvements compared to the respective 1:5:0 formulations with either ML.  
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Figure 23. Dynantin mannose lipid entrapment efficiency. Results are represented as mean ± SEM 

or three separate experiments, n=3. %p<0.05 as compared to respective formulation devoid of 

cholesterol, &&p<0.01 and &p<0.05 compared to 1:5:0 formulation (Chromatograms in Appendix 

8.1). 

4.2.2. Glycoliposome Permeability   

 

The permeability of the ML delivery system was investigated. Dynantin was combined with the 

aromatic ML with or without cholesterol, and entrapment was measured both at the time of 

combination (T0) and after being left at room temperature for 24 h. Without cholesterol present, 

entrapment with a 1:5:0 ratio (peptide: ML: cholesterol) was 70±5% initially, and this decreased 

significantly to 48±3% after 24 h (Figure 24, Appendix 8.2). When cholesterol was included in the 

formulation at a 1:5:2 ratio, initial peptide entrapment was 94±3% with only minor decreases to 
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90±4% after 24 h. These results suggest that cholesterol significantly decreases the permeability 

of the ML delivery system. 
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Figure 24. Glycoliposome permeability. Results are represented as mean ± SEM or three separate 

experiments, n=3. $$p<0.01 as compared to respective T0 time point (Chromatograms in Appendix 

8.2). 

 

4.2.3. Formulation Optimization for Stability of Dynantin    

 

Cholesterol was added to the linear ML delivery system to determine the ideal ratio of ML: 

cholesterol for improving peptide plasma stability (Figure 25, Appendix 8.3). Peptide stability was 

calculated relative to the quantities determined at T0. Starting with a 1:5 ratio of dynantin peptide: 

ML, cholesterol was added to achieve a 1:5:4 ratio of peptide: ML-Linear: cholesterol. This 

addition significantly improved the stability of the peptide after 12 h from 23±2% to 68±3%. 

Cholesterol added at a 1:5:3 ratio improved the stability of the peptide to 75±4%, which was a 

significant improvement compared to the 1:5:0. Finally, cholesterol added at a 1:5:2 ratio improved 
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the stability of the peptide to 83±3%, which was a significant improvement compared to the 1:5:0 

and 1:5:4  ratios. When the formulation ratio was changed to 1:4:2, there was 81±3% of the peptide 

remaining after 12 h at 37°C, which was a significant improvement compared to the 1:4:0 ratio 

(18±2%). After 24 h the same trends were observed. The formulations that were devoid of 

cholesterol showed complete peptide degradation after 24 h in plasma. The 1:5:2 ratio showed the 

best peptide stability with 52±2% of the peptide remaining. This was a significant improvement 

over the 1:5:0 (0±0%) and 1:5:4 (38±3%) ratios at this time point. The 1:4:2 ratio also significantly 

improved the stability of the peptide compared to the 1:4:0 ratio (0±0%) after 24 h with 49±4% of 

the peptide still remaining. In general, there was more peptide degradation after 24 h than after    

12 h in plasma.  
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Figure 25. Dynantin stability in human plasma in combination with ML-Linear and cholesterol. 

Results are represented as mean ± SEM or three separate experiments, n=3. %%%p<0.001 as 

compared to respective 12 h time point, ***p<0.001 as compared to respective formulation devoid 

of cholesterol, $$$p<0.001 as compared to 1:5:4 formulation (Chromatograms in Appendix 8.3). 
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4.2.4. Stability of Dynantin with Different Delivery Systems  

 

Dynantin has been shown to completely degrade after 12 h in rat plasma at 37°C (Figure 8, 

Appendix 8.4), and the same trends were found in human plasma (70). The stability of dynantin in 

the linear (Figure 25) and aromatic ML delivery systems was compared in human plasma after 12 

and 24 h. Again, peptide amounts were calculated relative to the amounts determined at T0. 

Without cholesterol, at a 1:5:0 ratio of dynantin peptide: ML: cholesterol, there was significantly 

more dynantin remaining after 12 h with the ML-Aromatic delivery system (38±4%) than with the 

ML-Linear delivery system (23±2%) (Figure 26A, Appendix 8.4). After 24 h in plasma, dynantin 

was completely degraded when in the linear delivery system, however 11±2% remained when 

dynantin was encapsulated in the aromatic delivery system. At a 1:10:0 ratio, the amount of peptide 

remaining after 12 h was 66±6% and 79±5% for the linear and aromatic MLs, respectively (Figure 

26B, Appendix 8.4). Again, the aromatic ML offered significantly better protection than the linear 

ML after 12 h in plasma. After 24 h, there was 19±3% of the peptide remaining with the linear 

ML, while there was again significant stability improvements offered by the aromatic delivery 

system with 40±4% remaining. When cholesterol was added, at a 1:5:2 ratio, there was 83±4% 

and 93±3% of the peptide remaining after 12 h with the linear and aromatic ML, respectively 

(Figure 26C, Appendix 8.4). After 24 h dynantin levels were the highest in plasma with a 

combination of the aromatic ML and cholesterol (71±4% of the peptide remaining). The aromatic 

ML was significantly better at protecting the peptide than the linear ML, regardless of the ratio or 

the presence of cholesterol.  
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Figure 26. Comparison of mannose lipid plasma stability. 1:5:0 (A), 1:10:0 (B) and 1:5:2 (C) 

peptide: ML: cholesterol ratios. Results are represented as mean ± SEM or three separate 

experiments, n=3. ***p<0.001, **p<0.01, and *p<0.05 compared to respective 12 hour time point, 

###p<0.001, and #p<0.05 compared to linear ML at respective time point (Chromatograms in 

Appendix 8.4). 

  

4.3. Effect of Delivery Systems on Activity  

 

4.3.1. Empty Delivery Systems at the KOP 

 

The ML delivery systems devoid of any entrapped peptides, were added to HTLA cells to 

determine if they had an effect on the activity of Dyn A at the KOP (Figure 27). All formulations 

showed similar luminescence signals comparable to that induced by Dyn A. This indicates that the 

delivery systems do not interact at all with the KOP, nor do they have any effect on the binding of 

ligands to the receptor.  
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Figure 27. Effect of empty mannose lipid formulations on Dyn A KOP activation signal. Results 

are represented as mean ± SEM, n=3.  

 

4.3.2. Effect of Delivery Systems on Dynantin Activity at KOP  

 

Dynantin, either alone or entrapped in ML formulations at different ratios of peptide: ML, were 

combined with Dyn A to observe the effect of the delivery systems on the antagonistic activity of 

dynantin (Figure 28). The IC50 value of dynantin, representing the concentration of dynantin where 

the signal of Dyn A was reduced by half, was used for these studies to ensure that dynantin was 

not saturating the receptors. A concentration of 300 nM of dynantin entrapped in either the linear 

or aromatic ML delivery systems with cholesterol at a ratio of 1:5:2 peptide: ML: cholesterol was 

able to significantly lower (to the same degree as dynantin alone in Dyn A) the Dyn A signal 

induced at the KOP. However, the aromatic ML formulations devoid of cholesterol at both a 1:10 
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and 1:5 ratio of peptide: ML-Aromatic were not able to significantly lower the Dyn A signal 

indicating that the cholesterol helped maintain the activity of dynantin (Figure 29). 
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Figure 28. Effect of mannose lipid entrapment on dynantin KOP inhibition. Result are represented 

as mean ± SEM, n=3. *p<0.05, **p<0.01, ***p<0.001 compared to Dyn A. 
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Figure 29. Effect of ML-Aromatic mannose lipid entrapment on dynantin KOP inhibition. Result 

are represented as mean ± SEM, n=3. **p<0.01, ***p<0.001 compared to Dyn A, $$p<0.01 

compared to Dynantin: ML (A) 1:10 in Dyn A.  

 

4.3.3. Effect of Delivery Systems on Dynantin Activity at MOP and DOP.  

 

The delivery system at either a 1:10 ratio of peptide: ML (linear or aromatic), or a 1:5:2 ratio, 

peptide: ML-Linear: cholesterol, had no effect on the activity of dynantin at the DOP (Figure 30). 

Dynantin (300 nM) when mixed with DPDPE (10 µM), a known agonist of the δ receptor (75), 

did not alter the signal of DPDPE, regardless of whether it was entrapped or not. TIPP (100 µM), 

a known antagonist of the δ receptor, when mixed with DPDPE (10 µM) was able to significantly 

lower the luminescence signal of DPDPE (Figure 30). At the MOP, dynantin (300 nM) had no 

effect on the Endo 1 signal (Figure 31). When entrapped in the delivery system at a 1:10 ratio 
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(dynantin: ML-Linear or dynantin: ML-Aromatic), dynantin (300 nM) increased the luminescence 

signal of Endo 1 (Figure 31). The same effect was seen with a 1:5:2 ratio of dynantin: ML-Linear: 

Cholesterol, however the results were not significant. 
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Figure 30. Effect of mannose lipid entrapment on dynantin DOP activity. Results are represented 

as mean ± SEM, n=3. *p<0.05, **p<0.01, ***p<0.001 compared to DPDPE.  
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Figure 31. Effect of mannose lipid entrapment on dynantin MOP activity. Results are represented 

as mean ± SEM, n=3. 
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5. Discussion  

 

Consuming nicotine leads to an increase in dopamine, and induces rewarding effects including 

euphoria, relaxation and reduced stress (29, 108). Dopamine will activate CREB signalling 

pathways, resulting in the production of dynorphin. Dynorphin will bind to and activate the KOP 

and induce dysphoria, as well as block the further release of dopamine (20). This negative mood 

state will offset the initial effects of nicotine and lead to further nicotine consumption to increase 

dopamine production. Antagonists to the KOP have been shown to block the negative effects 

associated with drugs of abuse (109–111). Competitive antagonists will bind to the KOP and 

inhibit the binding of the KOP agonist dynorphin. Nor-BNI, JDTic and GNTI are competitive 

antagonists that exhibit non-competitive like effects at the KOP by activating JNK, resulting in the 

hypothetical JNK modulated regulator, to disrupt KOP signalling. By inhibiting dynorphin 

binding, the negative effects associated with an activated KOP are decreased, and can counteract 

the negative effects associated with drugs of abuse. However, all antagonists used have a slow 

onset of action, long-lasting effects, and some even produced cardiac toxicity in phase 1 clinical 

trials (64).   

The need for a peptide-based antagonist, emerged due to the negative effects associated with the 

non-peptide antagonists nor-BNI, JDTic and GNTI. Peptides are less toxic than non-peptide based 

antagonists and are degraded by peptidases, resulting in shorter half-lives. A peptide antagonist 

that will bind competitively to the KOP, has become a necessity to block the negative effects of 

KOP agonists. This research showed that dynantin, a KOP antagonist peptide which is an N-

terminal modification of Dyn A (1-11), could act as an antagonist at the KOP. Lu and coworkers, 

who created the peptide dynantin, were able to show that dynantin was an antagonist for KOP in 

rat membrane binding assays, with a Ke ratio of 1/1460/5090 for κ/μ/δ (73). The binding affinity 
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of dynantin at the MOP and DOP were determined by displacing radioactively labelled MOP and 

DOP agonists from rat brain membrane binding sites. The binding affinity at KOP was measured 

by displacing a radioactively labelled KOP agonist from guinea pig brain membrane binding sites. 

The Ki value represents the affinity of the inhibitor for the receptor. The Ki of dynantin at KOP 

was significantly lower than the values at MOP or DOP (Table 2). The Ki ratio of dynantin at the 

KOP/MOP/DOP was 1/259/198, indicating dynantin has a much higher affinity for the KOP than 

the MOP or DOP.   

Table 2. Binding affinities of dynantin at the κ, δ and μ opioid receptors 

Compound Ki (nM) 

κ 

Ki (nM) 

μ 

Ki (nM) 

δ 

Ki ratio 

κ/μ/δ 

Dynantin 

Nor-BNI 

0.823 ± 0.162 

0.811 ± 0.018 

213 ± 50 

28.4 ± 3.9 

163 ± 15 

17.7 ± 0.5 

1/259/198 

1/35/122 

Source: Modified from (73). 

To our knowledge, the present study is the first to use dynantin in an in vitro setting using the 

PRESTO-TANGO assay. Results obtained were able to confirm the data of Lu and coworkers by 

dynantin only lowering the luminescence signal of Dyn A at the KOP, and not DPDPE at the DOP 

(73). Also, it is interesting that while Lu and coworkers note that dynantin and nor-BNI have 

similar Ki values (Table 2) at the KOP, nor-BNI in our system, was a much more potent antagonist 

(Figure 17). This could be explained by the fact that nor-BNI is acting as a non-competitive 

antagonist, using a different mechanism to induce effects. Unlike dynantin, nor-BNI binds to the 

KOP and activates JNK, initiating an association between KOP and JMR (65). This association 

leads to KOP signalling complexes being inactivated long term. Nor-BNI also has less selectivity 

for the KOP than dynantin (Table 2). 

At the DOP, dynantin had no effect on the signal of DPDPE, while a δ antagonist TIPP was able 

to decrease the DPDPE signal (Figure 20). We were unable to confirm whether or not dynantin 



54 

 

showed activity at the MOP, due to the known MOP antagonist CTOP not showing any significant 

decrease in the Endo 1 signal (Figure 22). Dynantin did not increase any agonist signals at any of 

the opioid receptors, indicating it is not acting as an agonist and only seems to exhibit antagonistic 

effects at the KOP. Higher concentrations of dynantin were used to test the activity at MOP (Figure 

22) and DOP (Figure 20), 100 µM compared to the highest concentration used at KOP which was 

10 µM. Lu and coworkers tested dynantin concentrations up to 10 µM, and it showed no antagonist 

ability at the MOP or DOP (73), while we were able to use a higher concentration of dynantin, and 

still show no antagonistic ability of dynantin at DOP (Figure 20). However, the concentration of 

Endo 1 needed to activate and subsequently saturate the MOP (Figure 21) was much higher than 

those of Dyn A and DPDPE that were needed to activate and saturate the KOP (Figure 13) and 

DOP (Figure 19), respectively. This could be due to Endo 1 having a lower efficacy than Dyn A 

and DPDPE, needing to occupy more receptors to produce the same effect. Furthermore, the μ 

antagonist CTOP was not able to block the Endo 1 signal, and the luminescence signals for the 

MOP studies were much lower than those of the DOP and KOP studies (Figure 22). After 

transfection of cells with the MOP, Kroeze and coworkers confirmed transfection using anti-FLAG 

immunofluorescence, but they were not able to confirm receptor expression either on the cell 

surface or in permeabilized cells (93). It is possible that there is an issue with μ receptor 

transfection with the PRESTO-TANGO kit, which resulted in the lower signals and increased 

variability in MOP data. Future studies will be aimed at confirming the activity of dynantin at the 

MOP. 

Due to the peptide nature of dynantin, it is rapidly degraded by peptidases. These stability issues 

would limit the bioavailability of dynantin in vivo, and limit its usage as a therapeutic. To improve 

the stability of dynantin, a mannose-functionalized liposome was used as a delivery system. 
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Different peptide: glycolipid: cholesterol ratios were investigated with two different MLs (Figure 

10). The addition of cholesterol greatly improved the entrapment efficiency of dynantin compared 

to the delivery systems that contained no cholesterol (Figures 23 and 24). This effect has been seen 

in numerous studies aiming to observe the effect of cholesterol in liposomal delivery systems (112, 

113). Intermolecular forces, particularly hydrogen bonds, are responsible for the increased stability 

of delivery systems with cholesterol present (114). Hydrogen bonds formed between the head 

group of phospholipids and the hydroxyl group of cholesterol are important to the stability of 

delivery systems containing cholesterol (114). Korchowiec and coworkers also found that 

cholesterol forms hydrogen bonds with a maltooligosaccharide headgroup (β-Mal3O(C16+4)2), 

further proving the importance of these intermolecular forces in delivery system stability (115). 

Cholesterol can also decrease serum instability that is caused by serum protein binding to the 

liposome membrane (116). This is important for any delivery system that is injected intravenously 

or will come into contact with the blood at some point. Cholesterol at a 1:5:2 ratio of peptide: ML: 

cholesterol showed the best results for the linear ML (Figure 25). This is consistent with data found 

in literature, where a 1:2 ratio of cholesterol: delivery system has shown to be the optimal ratio in 

terms of the flexibility (less likely to crystalize) of the delivery system, and its ability to release 

entrapped drugs (90, 117). Increasing the cholesterol content of the delivery system has been 

shown to increase particle size, and since traversing the BBB is important for this system to deliver 

the peptide to the brain, larger particles will have difficulty (118, 119). When comparing the 

glycolipids from the aromatic and linear MLs, and their effects on dynantin stability, the aromatic 

ML showed the best ability to stabilize dynantin for up to 24 h (Figure 26). Aromatic compounds 

are known to have high stability and are less reactive, which could account for the increased 

stability as compared to ML-Linear (120). Aromatic compounds have been shown to be stable 
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across acidic and physiological pH values, which could improve their stability if taken orally (121). 

Since the stability window for KOP antagonists to be effective is between 12 and 24 h, this delivery 

system shows promise in its ability to stabilize dynantin.   

The activity of dynantin was not hindered by the linear or aromatic delivery system with 

cholesterol present (Figure 28). However, with the ML-Aromatic at a 1:10 and 1:5 ratio of peptide: 

ML, dynantin no longer had an effect on the activity on Dyn A (Figure 29). This is unusual as most 

sources claim that delivery systems should have no effect on the activity of the drugs they are 

encapsulating (70). In an in vitro setting, the liposomes are fusing with the membranes of the 

HTLA cells and releasing their contents. It is possible that when cholesterol is present, this fusion 

is better due to the presence of cholesterol in biological membranes. However, in vivo testing 

would give a better understanding of the mechanics of the delivery system as they are needed to 

obtain better pharmacological data before it can be used clinically.  
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6. Conclusions and Future Research  

 

In conclusion, dynantin was able to act as an antagonist at the KOP, and lower the Dyn A induced 

signal in an in vitro setting. The ability of dynantin to bind to the KOP will block Dyn A from 

binding, which will reduce Dyn A signalling (Figure 32). An activated KOP attenuates the release 

of dopamine, leading to dysphoria and nicotine seeking. An antagonist will reverse this effect, and 

ideally lead to a decrease in nicotine consumption. We were able to demonstrate that even at high 

concentrations, dynantin did not activate or block the DOP, indicating that dynantin has the 

potential to act as a selective antagonist for KOP. The ML-Aromatic delivery system with 

cholesterol was able to improve the stability of dynantin to the greatest extent, and, importantly, 

did not affect the activity of dynantin at the KOP.  

 

Figure 32. Nicotine addiction mechanism with dynantin blocking the KOP. Modified from (15). 
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Future studies are required to prove that dynantin can function as a selective antagonist. 

Confirmation of dynantin’s activity at MOP will be important to ensure dynantin is selective for 

only the KOP. Research into dopamine release will be important to show that after dynorphin 

lowers dopamine levels, dynantin is able to return those levels of dopamine back to normal. It will 

be interesting to see if dynantin possesses inverse agonist properties, and increases dopamine 

levels past basal levels, or if it is solely a neutral antagonist, not affecting basal signalling, and 

solely blocking agonist binding (122). In vivo studies will also need to be done to show that 

dynantin is able to attenuate nicotine seeking in animals, indicating a blocked κ receptor. The 

effects of agonists and antagonists can vary greatly between in vivo and in vitro studies due to 

varying efficacy of the ligands. Ligands with higher efficacy will not need to occupy as many 

receptors to induce an effect compared to those with lower efficacy, and this can lead to greater 

variation of the activity of compounds in vivo (123). In addition, dynantin in combination with the 

delivery system should show better results in an in vivo setting compared to dynantin alone. BBB 

studies will also be important to investigate the impact of the delivery system on dynantin’s ability 

to cross this membrane.  
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8. Appendices 

 

8.1. HPLC Chromatograms of Dynantin Mannose Lipid Entrapment Efficiency 

Experiments  

 

 

 

HPLC chromatogram of dynantin with Dynantin: ML-Aromatic: Cholesterol (1:5:0) (detection: 

210 nm).  
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HPLC chromatogram of dynantin with Dynantin: ML-Aromatic: Cholesterol (1:10:0) (detection: 

210 nm). 
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HPLC chromatogram of dynantin with Dynantin: ML-Aromatic: Cholesterol (1:5:2) (detection: 

210 nm).  
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HPLC chromatogram of dynantin with Dynantin: ML-Linear: Cholesterol (1:5:0) (detection: 210 

nm). 
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HPLC chromatogram of dynantin with Dynantin: ML-Linear: Cholesterol (1:10:0) (detection: 

210 nm). 
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HPLC chromatogram of dynantin with Dynantin: ML-Linear: Cholesterol (1:5:2) (detection: 210 

nm). 
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HPLC chromatogram of Dynantin Entrapment Control (detection: 210 nm).  
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8.2. HPLC Chromatograms of Glycoliposome Permeability Experiments  

 

 

 

HPLC chromatogram of dynantin with Dynantin: ML-Aromatic: Cholesterol (1:5:0) at T-Zero 

(detection: 210 nm). 
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HPLC chromatogram of dynantin with Dynantin: ML-Aromatic: Cholesterol (1:5:0) after 24 

hours (detection: 210 nm). 
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HPLC chromatogram of dynantin with Dynantin: ML-Aromatic: Cholesterol (1:5:2) at T-Zero 

(detection: 210 nm). 
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HPLC chromatogram of dynantin with Dynantin: ML-Aromatic: Cholesterol (1:5:2) after 24 

hours (detection: 210 nm).  
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HPLC chromatogram of Dynantin Control at T-Zero (detection: 210 nm). 
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HPLC chromatogram of Dynantin Control at 24 hours (detection: 210 nm). 
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8.3. HPLC Chromatograms of Dynantin Stability in Human Plasma in Combination with 

ML-Linear and Cholesterol Experiments  

 

 

 

HPLC chromatogram of dynantin with Dynantin: ML-Linear: Cholesterol (1:5:0) after 12 hours 

in human plasma (detection: 210 nm).  
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HPLC chromatogram of dynantin with Dynantin: ML-Linear: Cholesterol (1:5:4) after 12 hours 

in human plasma (detection: 210 nm).  
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HPLC chromatogram of dynantin with Dynantin: ML-Linear: Cholesterol (1:5:3) after 12 hours 

in human plasma (detection: 210 nm).  
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HPLC chromatogram of dynantin with Dynantin: ML-Linear: Cholesterol (1:5:2) after 12 hours 

in human plasma (detection: 210 nm).  
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HPLC chromatogram of dynantin with Dynantin: ML-Linear: Cholesterol (1:4:0) after 12 hours 

in human plasma (detection: 210 nm).  
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HPLC chromatogram of dynantin with Dynantin: ML-Linear: Cholesterol (1:4:2) after 12 hours 

in human plasma (detection: 210 nm).  
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HPLC chromatogram of dynantin with Dynantin: ML-Linear: Cholesterol (1:5:0) after 24 hours 

in human plasma (detection: 210 nm).  
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HPLC chromatogram of dynantin with Dynantin: ML-Linear: Cholesterol (1:5:4) after 24 hours 

in human plasma (detection: 210 nm).  
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HPLC chromatogram of dynantin with Dynantin: ML-Linear: Cholesterol (1:5:3) after 24 hours 

in human plasma (detection: 210 nm). 
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HPLC chromatogram of dynantin with Dynantin: ML-Linear: Cholesterol (1:5:2) after 24 hours 

in human plasma (detection: 210 nm). 
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HPLC chromatogram of dynantin with Dynantin: ML-Linear: Cholesterol (1:4:0) after 24 hours 

in human plasma (detection: 210 nm). 



92 

 

 

 

HPLC chromatogram of dynantin with Dynantin: ML-Linear: Cholesterol (1:4:2) after 24 hours 

in human plasma (detection: 210 nm).  
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HPLC chromatogram of Dynantin Control at T-Zero (detection: 210 nm). 
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8.4. HPLC Chromatograms of Mannose Lipid Plasma Stability Improvement Comparison 

Experiments  

 

 

 

HPLC chromatogram of dynantin with Dynantin: ML-Linear: Cholesterol (1:5:0) after 12 hours 

in human plasma (detection: 210 nm).  
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HPLC chromatogram of dynantin with Dynantin: ML-Linear: Cholesterol (1:5:0) after 24 hours 

in human plasma (detection: 210 nm).  
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HPLC chromatogram of dynantin with Dynantin: ML-Aromatic: Cholesterol (1:5:0) after 12 

hours in human plasma (detection: 210 nm). 
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HPLC chromatogram of dynantin with Dynantin: ML-Aromatic: Cholesterol (1:5:0) after 24 

hours in human plasma (detection: 210 nm).  
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HPLC chromatogram of dynantin with Dynantin: ML-Linear: Cholesterol (1:10:0) after 12 hours 

in human plasma (detection: 210 nm).  
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HPLC chromatogram of dynantin with Dynantin: ML-Linear: Cholesterol (1:10:0) after 24 hours 

in human plasma (detection: 210 nm). 
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HPLC chromatogram of dynantin with Dynantin: ML-Aromatic: Cholesterol (1:10:0) after 12 

hours in human plasma (detection: 210 nm). 
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HPLC chromatogram of dynantin with Dynantin: ML-Aromatic: Cholesterol (1:10:0) after 24 

hours in human plasma (detection: 210 nm). 
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HPLC chromatogram of dynantin with Dynantin: ML-Linear: Cholesterol (1:5:2) after 12 hours 

in human plasma (detection: 210 nm).  
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HPLC chromatogram of dynantin with Dynantin: ML-Linear: Cholesterol (1:5:2) after 24 hours 

in human plasma (detection: 210 nm).  
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HPLC chromatogram of dynantin with Dynantin: ML-Aromatic: Cholesterol (1:5:2) after 12 

hours in human plasma (detection: 210 nm).  
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HPLC chromatogram of dynantin with Dynantin: ML-Aromatic: Cholesterol (1:5:2) after 24 

hours in human plasma (detection: 210 nm).  

 

 

 

 

 

 


